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Preface to the fifth edition 


It is 32 years since the first edition of Concise Inorgunic Chemistry — a 
long life for any book. The size of the book has gradually but inevitably 
grown, but I am pleased that this, the fifth edition, is no larger than the 
fourth edition. Robert Baden-Powell (the founder of the Scout movement) 
said So much to do, so little time to do it!’ 1 might paraphrase this to ‘So 
much to write, so little space to write it: 1 Perhaps the size has reached a 
plateau, and who knows - a future edition may be smaller! 

firmedition ° f ^ edi,ion remain exactly the same as those of the 

• To provide a modern textbook of inorganic chemistry that is long 
enough to cover the essentials, yet short enough to be interesting 8 

I m Slm P le a " d lo 8 ical framework into which the reader 

predict “>is <° 

• «i C ,e 8 I be,Ween SCh ° 01 b °° kS and final Vear honours degree 

• The book is aimed primarily at first nr ca™^ . a 

7 bl ',: ,S - “ d lo ' BTEC H and Pan ! 

Sf eo " ,e " &n " pms *■ * »-* »y «b«d 

• Above all it is intended to be easv tn taoh a 
ba«d on descriptive chemistry combined 

.he?r:tir^pl^d\yXi SSttSff** f SCC,i0nS: 

the groups of elements are now uLn ^7 chapter has been updated and 

IUPAC nomenclature. Descriptive Lre ff ? m 1 '° 18 in accordance wi,h 
but the book attempts so show the r 3 n . ecessan| y ha s a large place, 
and reactions of compounds wherever^hU ^ ,he | , . ruc,ure > Properties 

methods. Most chapters include a ' h t IS P osslble Wlt h elementary 

ection on further reading, with easy to 
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understand articles (in journals such as the Journal of Chemical Education, 
Chemistry in Britain and Education in Chemistry), references to specialized 
textbooks, and review articles (such as Quarterly Reviews, Coordination 
Chemistry Reviews , and the proceedings of specialist conferences and 
symposia). There is a very small number of references to articles in the 
primary literature, where these have special or historical significance. 
Examples include the use of Ellingham diagrams, the Sidgwick-Powell 
theory of molecular shape, and the discovery of ferrocene and of warm 
superconductors. 

Chemistry has always been, and still is, a practical subject. The adage 
‘where there's muck there's money' holds particularly true for the chemi¬ 
cal industry. Unless chemicals were needed and used in large amounts 
there would be no chemical industry, and hence no students in chemistry, 
no teachers of chemistry, and no need for textbooks. An American 
professor told me he divided inorganic chemistry books into two types: 
theoretical and practical. In deciding how to classify any particular book, 
he first looked to see if the extraction of the two most produced metals 
(Fe and Al) was adequately covered, what impurities were likely to be 
present, and how the processing was adapted to remove them. Second, 
he looked to see if the treatment of the bonding in xenon compounds and 
ferrocene was longer than that of the production of ammonia. Third, he 
looked to sec if the production and uses of phosphates were covered 
adequately. This book is intentionally what my American friend would 
call the ‘practical’ type. For some years there has been a trend for 
chemistry teaching to become more theoretical. There is always theo¬ 
retical interest in another interesting oxidation state or another unusual 
complex, but the balance of this book is tilted to ensure that they do not 
exclude the commonplace, the mundane and the commercially important. 

I think it is important that students are aware of which chemicals are 
commercially important, especially those produced in very large tonnages. 
Linked to this is what are they used for. the processes by which they are 
manufactured and where the raw materials come from. This relates college 
chemistry to the real world, but regrettably few books cover these details. 
The *data on tonnages of chemicals produced and the main sources of 
minerals have been completely updated. Data are mainly from World 
Mineral Statistics , published by the British Geological Survey, and from 
the Industrial Statistics Yearbook published by the United Nations, New 
York and from direct contact with about 250 firms. The figures vary only 
slightly from year to year, and illustrate the general scale of use and main 
sources of raw materials. Not only is the production of major chemicals 
such as H,S0 4 . NH„ NaOH. Cl 2 . O, and N : adequately covered, but 
other important materials such as cement and steel, polymers such as 
polythene, silicones and teflon, soap and detergents are also covered. 

Chemistry is exciting, and is going on all around us. Many smaller scale 
but fascinating applications are also described and explained. These in¬ 
clude baking powder, photography, superconductors, transistors, photo¬ 
copier. carbon dating, the atomic bomb, uses of radioisotopes and man) 
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others. There is currently a greater awareness of environmental issues 
Problems such as freons and the ozone layer, chlorinated fluorocarbon 
replacements, the greenhouse effect, acid rain, lead pollution, the toxic 
effects of tin and mercury, asbestos, excessive use of phosphates and 
nitrates, and the toxic effects of various materials in drinking water arc 
discussed. Other sections cover the development of the atomic bomb and 
the peaceful uses of atomic energy. 

While much inorganic chemistry remains the same, it is a living subject 
and the approach to our current thinking and the direction of future work 
iosn a,ere • * n i Particular, our ideas on bonding have changed. Until 

onm P ' n .° r8 t n K C | hC . m,Slry Was largely descr 'P ,ivc - The research and devel- 

Cd '° thC production of the atomic bomb in 1946 is 
from th‘ , 8reale u st ehemical achievement of the century. The impetus 

and lanth * t 10 * he discovcr y of many new elements in the actinide 
n nivtr SeneS - This was fo,lowed by a period of great interest 
hann hy H 'T g ? n,C chemis,r y. where instead of just observing what 

wer^aDolied **■ “ Why ' TI -""od namics and kine, 

spec,roscopy^were^xnlored 'T™' a " d UV ^e 

found that the noble g P ases rJfeM f* 3 ° f ac,,vi,y when il was 
by a concentrated nhZ f y d d . fonn “""Pounds. This was followed 

attempting to explain the tond^ 3 "" 8 ^ 83 " 01 ™' 3 ' 1 ^ com P ounds and 
defied rational^ explanluon hv 8 C ° mp0unds - many of which 

seem likely to fall in two main eXIS ln 8 theories. Future developments 

materials. Much bioinorganic workTi’n nro*™ 83 "'' Ch h emistry and new 
catalysts function how haemoni u- ? ogress into how enzymes and 

how bacteria irorirl atl? h ““ Chl ° r0phyl1 really work - a " d 

so difficult. Work on new materials'!!! i'T 86 !! “ eas,Iy when *e find it 
alloys, superconductors and semiconductor^ t h* pr ° dUCt, ° n of po| ymers, 
only help students to pass examinat u l ^ at the b°°k will not 

,and the subtec,. an/stimS'S^ 

h“ ry , r c d elemems - wh,ch is 

students to put information into rioiH * consider it unhelpful for 

one subject may well relate to other s^cTald'hTbo^d ' he 1*“ 
subjects are partly artificial Th* k t, • ’ nd the boundaries between 

chemistry "»»»»" on Ike 

»v» .k biTit.ni.srr.nit', r mis,r ' 

biochemistry, materials science nuclear r>K • . • 1 ca chemistry, 

physics and polymer Chemistry It is worth ^ 0rganic chemistry, 
Nobel Prize for Chemistry waTg!!en ™ 

and crypts which have biological overtones, and th P e e Nobe S | ln prize W for 

Physics was for discoveries in the field of warm supercondu tors B«h 

involve chemistry. One could ask if the ftanentneTwere 1 organicor 
organic compounds! c ,nor & amc or 

occasLna^rmrs Th b °° k ° f ,h ' S and complexity that there will be 
occasional errors. These are mine alone, and I will endeavour to correct 
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them in future editions. 1 am always pleased to hear from readers. The 
final paragraph from the Preface to the First Edition is printed unchanged: 

A large amount of chemistry is quite easy, but some is enormously 
difficult. 1 can find no better way to conclude than that by the late 
Professor Silvanus P. Thompson in his book Calculus Made Easy , i 
beg to present my fellow fools with the parts that are not hard. Master 

these thoroughly, and the rest will follow. What one fool can do, 
another can.’ 


J.D. Lee 
Loughborough 19% 
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SI UNITS 

SI units for energy are used throughout the fifth edition, thus making a 
comparison of thermodynamic properties easier. Ionization energies arc 
quoted in kJmol" 1 , rather than ionization potentials in eV. Older data 
from other sources use cV and may be converted into SI units (| kcal = 
4.184kJ, and leV = 23.06 x 4.184kJ mol' 1 ). 

Metres are sttictly the SI units for distance, and bondlengths are some¬ 
times quoted in nanometres (I nm = I0' v m). However angstrom units A 
(10~ m m) are a permitted unit of length, and are widely used by crystallo- 
graphers because they give a convenient range of numbers for bond- 
lengths. Most bonds are between I and 2 A (0.1 to 0.2 nm). Angstrom units 
are used throughout for bondlengths. 

The positions of absorption peaks in spectra are quoted in wave numbers 
cm" 1 , because instruments are calibrated in these units. It must be 
remembered that these arc not SI units, and should be multiplied by 1 (X) to 
give SI units of m“ 1 , or multipled by 11.% to give J mol 1 . 

The SI units of density are kgm' '. making the density of water 1000 kg 
m . This convention is not widely accepted, so the older units of gem"' 
are retained so water has a density of l gem"'. 

In the section on magnetism both SI units and Debvc units arc given, 
and the relation between the two is explained. For inorganic chemists who 
simply want to find the number of unpaired electron spins in a transition 
metal ion then Debye units are much more convenient. 
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NOMENCLATURE IN THE PERIODIC TABLE 

For a long time chemists have arranged the elements in groups within the 
periodic table in order to relate the electronic structures of the elements 
to their properties, and to simplify learning. There have been several 
methods of naming the groups. 

A number of well known books name the main groups and the transition 
elements as A and B subgroups, which dates back to the older Mendeleef 
periodic table of half a century ago. Its disadvantages are that it may 
overemphasize slight similarities between the A and B subgroups, and 
there are a large number of elements in Group VIII. 

In earlier versions of this book the 5-block and the p-block were 
numbered as groups I to VII and 0, depending on the number of electrons 
in the outer shell of the atoms, and the transition elements were dealt with 
as triads of elements and named as the top element in each group of 
three. 

The I UP AC has recommended that the main groups and the transition 
metals should be numbered from 1 to 18. This system has gained accept¬ 
ance, and has now been adopted throughout this book. 


Names of the various groups 
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Atomic structure and the 
periodic table 


THE ATOM AS A NUCLEUS WITH ORBITAL ELECTRONS 


All atoms consist of a central nucleus surrounded by one or more orbital 
electrons. The nucleus always contains protons and all nuclei heavier than 
hydrogen contain neutrons too. The protons and neutrons together make 
up most of the mass of the atom. Both protons and neutrons are particles 
of unit mass, but a proton has one positive charge and a neutron is 
electrically neutral (i.e. carries no charge). Thus the nucleus is always 
positively charged The number of positive charges on the nucleus is 
exactly balanced by an equal number of orbital electrons, each of which 
carries one negative charge. Electrons are relatively light - about 1/1836 
the mass of a proton. The 103 or so elements at present known are all built 
up from these three fundamental particles in a simple way. 

Hydrogen is the first and most simple element. It consists of a nucleus 
containing one proton and therefore has one positive charge which is 
balanced by one negatively charged orbital electron. The second element is 
helium. The nucleus contains two protons, and so has a charge of + 2. The 
nuclear charge of +2 is balanced by two negatively charged orbital 
electrons. The nucleus also contains two neutrons, which minimize the 
repulsion between the protons in the nucleus, and increase the mass of the 
atom. All nuclei heavier than hydrogen contain neutrons, but the number 
present cannot be predicted reliably. 

This pattern is repeated for the rest of the elements. Element 3, lithium, 
has three protons in the nucleus (plus some neutrons). The nuclear charge 
is -*-3 and is balanced by three orbital electrons. Element 103, lawrencium, 
has 103 protons in the nucleus (plus some neutrons). The nuclear charge is 
4-103 and is balanced by 103 orbital electrons. The number of positive 
charges on the nucleus of an atom always equals the number of orbital 
electrons, and is called the atomic number of the element. 

In the simple planetary theory of the atom, we imagine that these 
electrons move round the nucleus in circular orbits, in much the same way 
as the planets orbit round the sun. Thus hydrogen and helium (Figure 1.1) 
have one and two electrons respectively in their first orbit. The first orbit is 
then full. The next eight atoms are lithium, beryllium, boron, carbon. 


^ % oftMtaJ 

/ electron 


(a) 




nucleus 



Figure 1.1 Structures of (a) 
hydrogen, symbol H. atomic 
number 1; and (b) helium, 
symbol He. atomic number 2. 
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nitrogen, oxygen, fluorine and neon. Each has one more proton in the 
nucleus than the preceding element, and the extra e ectrons go i 
second orbit (Figure 1.2). This orbit is then full. In the next eight elements 
(with atomic numbers 11 to 18), the additional electrons enter a third shefl. 

The negatively charged electrons are attracted to the positive nucleus by 
electrostatic attraction. An electron near the nucleus is strongly attracted 
by the nucleus and has a low potential energy. An electron distant from the 
nucleus is less firmly held and has a high potential energy. 


ATOMIC SPECTRA OF HYDROGEN AND THE BOHR THEORY 

When atoms are belated or subjected to an electric discharge, they absorb 
energy, which is subsequently emitted as radiation. For example, if sodium 
chloride is heated in the flame of a Bunsen burner, sodium atoms are 
produced which give rise to the characteristic yellow flame coloration. 
(There are two lines in the emission spectrum of sodium corresponding to 
wavelengths of 589.0nm and 589.6 nm.) Spectroscopy is a study of either 
the radiation absorbed or the radiation emitted. Atomic spectroscopy is an 
important technique for studying the energy and the arrangement of 
electrons in atoms. 

If a discharge is passed through hydrogen gas (H 2 ) at a low pressure, 

some hydrogen atoms (H) are formed, which emit light in the visible 

region. This light can be studied with a spectrometer, and is found to 

comprise a series of lines of different wavelengths. Four lines can be seen 

by eye, but many more are observed photographically in the ultraviolet 

region. The lines become increasingly close together as the wavelength 

(X) decreases, until the continuum is reached (Figure 1.3). Wavelengths, 

in metres, are related to the frequency, v, in Hertz (cycles/second) by 
the equation: 

c 

v = — 

X 
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Figure 1.3 Spectrum of hydrogen in the visible region (Balmer series.) 

where c is the velocity of light (2.9979 x 10*ms -1 ). In spectroscopy, 
frequencies are generally expressed as wave numbers v, where v = 
1/Xm -1 . 

In 1885 Balmer showed that the wave number v of any line in the visible 
spectrum of atomic hydrogen could be given by the simple empirical 
formula: 



where R is the Ryjdbefg constant and n has the values 3„ 4, 5..., thus 
giving a series of lines- 

The lines observed in the visible region are called the Balmer series, but 
several other series of lines may be observed in different regions of the 
spectrum (Table 1.1). 

Similar equations were found to hold for the lines in the other series in 
the hydrogen spectrum. 

Lyman v = R - pj n = 2, 3, 4, 5... 

$ 

Balmer v = R n = 3, 4, 5, 6... 


Table 1.1 Spectral series found in atomic hydrogen 


/ V 

Region of spectrum 

Lyman series 

ultraviolet 

Balmer series 

visible/ultraviolet 

Paschen series 

infrared 

Brackett series 

infrared 

Pfund series r 

infrared 

Humphries series 

infrared 
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ATOMIC STRUCTURE AND THE PERIODIC TABLE 

Paschen v = /?(^ - j^) n * 4 , 5, 6, 7... 

Brackett v = /?^-^ n = 5 » 6 , 7, 8... 

Pfund v = /?^ - * = 6,7, 8, 9... 

In the early years of this century, attempts were made to obtain j 

physical picture of the atom from this and other evidence. Thomson had 
shown in 1896 that the application of a high electrical potential across a gas 
gave electrons, suggesting that these were present in atoms. Rutherford 
suggested from alpha particle scattering experiments that an atom con¬ 
sisted of a heavy positively charged nucleus with a sufficient number of 
electrons round it to make the atom electrically neutral. In 1913, Niels 
Bohr combined these ideas and suggested that the atomic nucleus was 
surrounded by electrons moving in orbits like planets round the sun. He 
was awarded the Nobel Prize for Physics in 1922 for his work on the 
structure of the atom. Several problems arise with this concept: 

1. The electrons might be expected to slow down gradually. 

2. Why should electrons move in an orbit round the nucleus? 

3. Since the nucleus and electrons have opposite charges, they should 
attract each other. Thus one would expect the electrons to spiral 
inwards until eventually they collide with the nucleus. 

To explain these problems Bohr postulated: 

1. An electron did not radiate energy if it stayed in one orbit, and there¬ 
fore did not slow down. 

2. When an electron moved from one orbit to another it either radiated 
or absorbed energy. If it moved towards the nucleus energy was 
radiated and if it moved away from the nucleus energy was absorbed. 

3. For an electron to remain in its orbit the electrostatic attraction between 
the electron and the nucleus which tends to pull the electron towards 
the nucleus must be equal to the centrifugal force which tends to throw 
the electron out of its orbit. For an electron of mass m, moving with * 
velocity v in an orbit of radius r 


centrifugal force = 

T 

If the charge on the electron is e, the number of charges on the nucleus 
Z, and the permittivity of a vacuum e<, 


so 


Coulombic attractive force 


Ze 2 

4jie<)r 2 
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ATOMIC SPECTRA OF HYDROGEN AND THE BOHR THEORY 


mv 2 _ Ze 2 
r Antar 2 

hence 


( 1 . 1 ) 


j. 



Ze 2 

43160 '”'“ 


( 1 . 2 ) 


According to Planck’s quantum theory, energy is not continuous but is 
discrete. This means that energy occurs in ’packets’ called quanta, of 
magnitude h/23i, where h is Planck’s constant. The energy of an electron in 
an orbit, that is its angular momentum mvr, must be equal to a whole 
number n of quanta. 


mvr = 


nh 

2n 


v = 


v 2 = 


nh 


Combining this with equation (1.2) 

Ze 2 


2nmr 

n 2 h 2 
4n 2 m 2 r 2 

2u2 


n z h 


43160 '”'“ 43i 2 m 2 r 2 


hence 


eo/i 2 h 2 

r =- Yb 

nmt Z 


(13) 


For hydrogen the charge on the nucleus Z — 1, and if 

n = 1 this gives a value r * l 2 x 0.0529 nm 

n - 2 r = 2 2 x 0.0529 nm 

n = 3 r - 3 2 x 0.0529 nm 


This gives a picture of the hydrogen atom where an electron moves in 
circular orbits of radius proportional to 1 , 2 , 3 ... The atom will only 
radiate energy when the electron jumps from one orbit to another. The 
kinetic energy of an electron is -{mv 2 . Rearranging equation (1.1) 



Ze 2 
831 tor 


Substituting for r using equation (1-3) 

Z 2 c 4 m 
E * 8 eo” 2 h 2 

If an electron jumps from an initial orbit i to a final orbit f, the change in 
energy A£ is 
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A£ = 


/ Z 2 e*m\ _ / Z 2 e*m \ 

\ 8£<Wh 2 / \ H&W' 


_ ZVm /L _ I) 
8ejh 2 \n 2 »V 


Energy is related to wavelength (E - hcv so this equation is of the same 
form as the Rydberg equation: 


Z 2 e*m ( 1 _ J_\ 
~ 8e«h 3 c \/t( «?/ 



V 



(Rydberg equation) 


Thus the Rydberg constant 

O- 2Vm 

K ~ 8ejh 3 e 

The experimental value of R is 1.097373 x 10 7 m _1 , in good agreement 
with the theoretical value of 1.096776 x 10 7 m _l , The Bohr theory 
provides an explanation of the atomic spectra of hydrogen. The different 
series of spectral lines can be obtained by varying the values of n x and n f in 
equation (1.4). Thus with n f = 1 and n t = 2,3, 4... we obtain the Lyman 
series of lines in the UV region. With n f = 2 and n x = 3, 4, 5... we gel 
the Balmer series of lines in the visible spectrum. Similarly, n { = 3 and 
n x = 4,5,6... gives the Paschen series, n f = 4 and /ij = 5,6,7... gives the 
Brackett series, and n) = 6 and n x = 7 , 8 , 9... gives the Pfund series. 
The various transitions which are possible between orbits are shown in 
Figure 1.4. 


REFINEMENTS TO THE BOHR THEORY 

It has been assumed that the nucleus remains stationary except for rotating 
on its own axis. This would be true if the mass of the nucleus were infinite, 
but the ratio of the mass of an electron to the mass of the hydrogen nucleus 
is 1/1836. The nucleus actually oscillates slightly about the centre of. 
gravity, and to allow for this the mass of the electron m is replaced by the 
reduced mass p in equation (1.4): 

_ mM 
^ m + M 

where M is the mass of the nucleus. The inclusion of the mass of the 
nucleus explains why different isotopes of an element produce lines in the 
spectrum at slightly different wavenumbers. 

The orbits are sometimes denoted by the letters K, L, M, N... counting 
outwards from the nucleus, and they are also numbered 1, 2, 3,4... This 
number is called the principal quantum number, which is given the symbol 



Figure 1.4 Bohr orbits of hydrogen and the various series of spectral lines. 


n . It is therefore possible to define which circular orbit is under 
consideration by specifying the principal quantum number. 

When an electron moves from one orbit to another it should give a single 
sharp line in the spectrum, corresponding precisely to the energy dif¬ 
ference between the initial and final orbits. If the hydrogen spectrum is 
observed with a high resolution spectrometer it is found that some of the 
lines reveal ‘fine structure'. This means that a line is really composed of 
several lines close together. Sommerfeld explained this splitting of lines by 
assuming that some of the orbits were elliptical, and that they precessed in 
space round the nucleus. For the orbit closest to the nucleus, the principal 
quantum number n = 1, and there is a circular orbit. For the next orbit, the 
principal quantum number n = 2, and both circular and elliptical orbits are 
possible. To define an elliptical orbit, a second quantum number k is 
needed. The shape of the ellipse is defined by the ratio of the lengths of the 
major and minor axes. Thus 

major axis _ n 

minor axis k 

k is called the azimuthal or subsidiary quantum number, and may have 
values from 1,2. .. n. Thus for n = 2, n/k may have the values 2/2 (circular 
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^V|*ire 1.5 Bohr-Sommerfield 
orbits when n - 3. 


orb.1) and 2/1 < el,i P'‘ cal ®(eMi'pseTand 3/1 (narroTc^clhp^, 3 ' 
"'l^prcsenc^lrf^hese exira orbits, whicl^have slightly different energies 
from each other, accounts for the extra lines m 'hej<-' rum 

under high resolution. The original quantum number k has now 
. .. _ ...nn*ii m nnmher /. where l ~ K 1 . Thus fnr 

aonn ronlirprl n V 


a M ASII 


n = 1 / = 0 

n = 2 / = 0 or 1 

n = 3 / = 0 or 1 or 2 

n = 4 / = 0 or 1 or 2 or 3 


This explained why some of the spectral lines are split mto two. three, 
four or more lines. In addition some spectral lines are split still further into 
two lines (a doublet). This is explained by assuming that an electron spins 
on its axis in either a clockwise or an anticlockwise direction. Energy is 
quantized, and the value of the spin angular momentum was first con¬ 
sidered to be h/ 2 jt. where m s is the spin quantum number with values 
of ±$. (Quantum mechanics has since shown the eAuCt expression to be 
)/5 (j + l) h/ 2 ji, where s is either the spin quantum number or the 
resultant of several spins.) 


Zeeman showed that if atoms were placed in a strong magnetic field 
additional lines appeared on the spectrum. This is because elliptical orbits 
can only take up certain orientations with respect to the external field, 
rather than prccessing freely. Each of these orientations is associated 
with a fourth quantum number m which can have values of / 
(/- D....0...(-/+ 1), -/. 

Thus a single line in the normal spectrum will appear as <21 + 1 ) lines if a 
magnetic field is applied. 


Thus m order to explain the spectrum of the hydrogen atom, four 

rrrr ber \ are n ? eded> as shown in Tab,e ^ n«e Wa o^ 

atoms may be explained in a similar manner. 


■ I i&f 1/unL Ii/11 URt 




—^ 1 - rAK I KJLES 

Bohr^describw'^heMom^sTcenlraTntf T' by Ru,herford and 

ral nucleus surrounded by electrons in 




i-—. umuers 


Principal quantum number 

Azimuthal or subsidiary quantum number 
Magnetic quantum number* 

Spin quantum number 


Symbol 

Values 

n 

1.2.3... 

1 

0, 1-(n - 1) 

m 

-/,... 0....+' 

m % 

*1 
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the HEISENBERG UNCERTAINTY PRINCIPLE 


wa^Thown Ik' 7 hC e,cctron is thus considered as a particle. In the 1920s it 
wav .**.. . a m ° v,n R particles such as electrons behaved in some ways as 

of atoms 1S ^ 311 lm ^ >ortan< COnce Pl in explaining the electronic structure 

""""I ^ aS ^ een cons ‘dered as either particles or waves, 

vicihu r m K» ena S - SUC ^ 3S P° tass * um em ' 1 electrons when irradiated with 
nh ‘ 1 . ' °L ,n SOme cases with u| traviolet light. This is called the 

nhntrk CC if IC \ CCt ** * S ex P* a ‘ ne( * by light travelling as particles called 
, nS ' 3 ? t0n co ^‘des with an electron, it can transfer its energy to 
ne electron. If the energy of the photon is sufficiently large it can remove 
the dectron from the surface of the metal. However, the phenomena of 
dtffracuon and interference of light can only be explained by assuming that 
ig t behaves as waves. In 1924, de Brogie postulated that the same dual 
c aracter existed with electrons - sometimes they are considered as 
particles, and at other times it is more convenient to consider them as 
waves. Experimental evidence for the wave nature of electrons was 
obtained when diffraction rings were observed photographically when a 
stream of electrons was passed through a thin metal foil. Electron dif¬ 
fraction has now become a useful tool in determining molecular structure, 
particularly of gases. Wave mechanics is a means of studying the build-up 

of electron shells in atoms, and the shape of orbitals occupied by the 
electrons. 


THE HEISENBERG UNCERTAINTY PRINCIPLE 

Calculations on the Bohr model of an atom require precise information 
about the position of an electron and its velocity. It is difficult to measure 
both quantities accurately at the same time. An electron is too small to see 
and may only be observed if perturbed. For example, we could hit the 
electron with another particle such as a photon or an electron, or we could 
apply an electric or magnetic force to the electron. This will inevitably 
change the position of the electron, or its velocity and direction. Heisen¬ 
berg stated that the more precisely we can define the position of an 
electron, the less certainly we are able to define its velocity, and vice versa. 
If A* is the uncertainty in defining the position and Av the uncertainty in 
the velocity, the uncertainty principle may be expressed mathematically as: 

h 

Ax . Av ^ — 

4jt 

where h = Planck’s constant = 6.6262 x 10~ 34 Js. This implies that it is 
impossible to know both the position and the velocity exactly. 

The concept of an electron following a definite orbit, where its position 
and velocity are known exactly, must therefore be replaced by the prob¬ 
ability of finding an electron in a particular position, or in a particular 
volume of space. The Schrodinger wave equation provides a satisfactory 
description of an atom in these terms. Solutions to the wave equation are 
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ATOMIC STRUCTURE AND THE PERIODIC TAB LE- J 

called wave functions and given the symbol i|>. The probability of finding an 
electron at a point in space whose coordinates are x> y and z is (x,y, z). 

the schrOdinger wave equation 

For a standing wave (such as a vibrating string) of wavelength X, whose 
amplitude at any point along x may be described by a function f (x), it can 
be shown that: 

m - - £««) 

ax a .2 

If an electron is considered as a wave which moves in only one dimension 
then: 

d 2 \j; 4 ji 2 

An electron may move in three directions x, y and z so this becomes 

d 2< Ui d 2 ii> 4 ji 2 

Using the symbol V instead of the three partial differentials, this is 
shortened to 

_ 2 4ji 2 

v = —jr V 

The de Broglie relationship states that 

X = — 
mv 

(where h is Planck’s constant, m is the mass of an electron and v its 
velocity); hence: 

n2 . 4* 2 m 2 v 2 

V ^=- ZT~ V 


„ 2 4 ji 2 m 2 v 2 

V \|» + —-j—ip = o 


(1.5) 


JJ^the^ntiLl "Sy K hC SyStem E “ made “ P ° f thC k ' ne,iC e " ergy 


E = K + V 


K = E- V 

But the kinetic energy = J/yiv 2 so 
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and 


THE SCHROD1NGER WAVE EQUATION 
\mv l = E - V 


' 2 = “(£- V) 


the &h U r6dfnjMequaUon eqUa,IOn (1 ' 5) 8 ' VeS the wel| - known form ° f 

V 2 V + (£ - = o 

nh«irili ble S 0 lU u, i0nS t0 ! he wave ec l uation ’ tl >at is solutions which are 
physically possible, must have certain properties: 

1. must be continuous. 

2. op must be finite. 

3. ip must be single valued. 

4. The probability of finding the electron over all the space from 
plus infinity to minus infinity must be equal to one. 

The probability of finding an electron at a point y, z is so 


J y 2 dxdydz = 1 


Several wave functions called t|>i, tp 2 , i|> 3 ... will satisfy these conditions 
to the wave equation, and each of these has a corresponding energy £,, £ 2 , 

£ 3 -Each of these wave functions tp,, \p 2 , etc. is called an orbital , by 

analogy with the orbits in the Bohr theory. In a hydrogen atom, the single 
electron normally occupies the lowest of the energy levels £j. This is called 
the ground state. The corresponding wave function describes the 
orbital, that is the volume in space where there is a high probability of 
finding the electron. 

For a given type of atom, there are a number of solutions to, the wave 
equation which are acceptable, and each orbital may be described uniquely 
by a set of three quantum numbers, n , / and m. (These are the same 
quantum numbers - principal, subsidiary and magnetic - as were used in 
the Bohr theory). 

The subsidiary quantum number / describes the shape of the orbital 
occupied by the electron. / may have values 0, 1, 2 or 3. When / = 0, the 
orbital is spherical and is called an s orbital; when / = 1, the orbital is 
dumb-bell shaped and is called a p orbital; when / = 2, the orbital is double 
dumb-bell shaped and is called a d orbital; and when / = 3 a more 
complicated / orbital is formed (see Figure 1.6). The letters 5, p , d and / 
come from the spectroscopic terms sharp, principal, diffuse and /unda- 
mentai, which were used to describe the lines in the atomic spectra. 

Examination of a list of all the allowed solutions to the wave equation 
shows that the orbitals fall into groups. 

In the first group of solutions the value of the wave function \|>, and 
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Figure 1.6 (a) Wave functions for s, p and d atomic orbitals. (Note that the + 
and - signs refer to symmetry, not charge.) (b) Different ways of representing y 2 
for a 2p orbital (as a contour diagram or as a 90% boundary surface). 


hence the probability of finding the electron ty 2 , depends only on the 
distance r from the nucleus, and is the same in all directions. 


(ii) p orbital (2p*) 


V - * M 



This leads to a spherical orbital, and occurs when the subsidiary quantum 
number / is zero. These are called s orbitals. When / = 0, the magnetic 
quantum number m * 0, so there is only one such orbital for each value 
of n. 

In the second group of solutions to the wave equation, depends both 
on the distance from the nucleus, and on the direction in space ( x y 
or z). Orbitals of this kind occur when the subsidiary quantum number 
/ = 1. These are called p orbitals and there are three possible values of the 
magnetic quantum number (m = -1,0 and +1). There are therefore three 
brbitals which are identical in energy, shape and size, which differ only in 
their direction in space. These three solutions to the wave equation may be 
written J 


v* = f('). f(x) 

*>• = f(') • f(y) 
V, = f(r).f(z) 


Orbital* that arc identical in energy are termed degenerate, and thus three 
degenerate p orbitals occur for each of the values of n - 2 3 4 

The third group of solutions to the wave equation depend on the 
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radial and angular functions 


Table 1.3 Atomic orbitals 




Principal 

quantum 

number 

n 

Subsidiary 

quantum 

number 

/ 


Magnetic 

quantum 

numbers 

m 

Symbol 

1 

2 

2 

3 

3 

3 

0 

0 

1 

0 

1 

2 

-2, 

0 

0 

-1,0, +1 

0 

-1,0, +1 
— 1, 0, +1, +2 

Lr (one orbital) 

2s (one orbital) 

2 p (three orbitals) 

3* (one orbital) 

3 p (three orbitals) 
3d (five orbitals) 

4 

4 

A 

0 

1 


0 

-l.o, +1 

is (one orbital) 
ip (three orbitals) 

4 

A 

2 

-2, 

-1, 0, +1, +2 

id (five orbitals) 

4 

3 

-3, -2, 

-1.0,+1,+2,-3 

4/(seven orbitals) 


distance from the nucleus r and also on two directions in space, for 
example 

V = f(r). f(x). f(y) 

This group of orbitals has / = 2, and these are called d orbitals. There are 
five solutions corresponding to m = -2, -1,0, +1 and +2, and these are 
all equal in energy. Thus five degenerate d orbitals occur for each of the 
values of n = 3, 4, 5.... 

A further set of solutions occurs when / = 3, and these are called / 
orbitals. There are seven values of m: -3, -2, -1, 0, +1, +2 and +3, and 
seven degenerate / orbitals are formed when n = 4, 5, 6_ 


RADIAL AND ANGULAR FUNCTIONS 


The Schrodinger equation can be solved completely for the hydrogen 
atom, and for related ions which have only one electron such as He* and 
Li 2 *. For other atoms only approximate solutions can be obtained. For 
most calculations, it is simpler to solve the wave equation if the cartesian 
coordinates x, y and z are converted into polar coordinates r, 0 and <|>. The 
coordinates of the point A measured from the origin are *, y, and z in 
cartesian coordinates, and r, 0 and (j> in polar coordinates. It can be seen 
from Figure 1.7 that the two sets of coordinates are related by the 

following expressions: 

z = r cos 0 
y = r sin 0 sin <|> 
x = r sin 0 cos <J> 

The Schrddinger equation is usually written: 

_ 8 n 2 m , - ... 

- voqi = o 


l 


& 
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Flgmre 1.7 The relationship between cartesian and polar coordinates. 


where 


d 2 ^ ^d 2 ^ ^d 2 ^ 


Changing to polar coordinates, V 2 ^ becomes 

^drl dr) r 2 sin 2 0 6<t> 2 r 2 sin0 60 \ 60/ 


The solution of this is of the form 


^ = /?(r). 0(0). <t>(<|>) 


( 1 . 6 ) 


R(t) is a function that depends on the distance from the nucleus, which in 
turn depends on the quantum numbers, n and / 

0(0) is a function of 0, which depends on the quantum numbers / and m 
<&(♦) is a function of which depends only on the quantum number m 

Equation (1.6) may be rewritten 


V = R(r ) nl . A ml 


This splits the wave function into two parts which can be solved separately: 

1. R{r) the radial function, which depends on the quantum numbers n 
and /. 

2. A m i the total angular wave function, which depends on the quantum 
numbers m and /. 


The radial function R has no physical meaning, but R 2 gives the probability 
of finding the electron in a small volume dv near the point at which R is 
measured. For a given value of r the number of small volumes is 4^r 2 , so 
the probability of the electron being at a distance r from the nucleus is 
4 nr 2 R 2 . This is called the radial distribution function. Graphs of the 
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radial And angular functions 
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Figure 1.8 Radial distribution functions for various orbitals in the hydrogen atom. 



radial distribution function for hydrogen plotted against r are shown in 
Figure 1.8. 

These diagrams show that the probability is zero at the nucleus (as 
r = 0), and by examining the plots for Is, 2s and 3s that the most probable 
distance increases markedly as the principal quantum number increases. 
Furthermore, by comparing the plots for 2s and 2p, or 3s, 3 p and 3 d it can 
be seen that the most probable radius decreases slightly as the subsidiary 
quantum number increases. All the s orbitals except the first one (Is) have 
a shell-like structure, rather like an onion or a hailstone, consisting of 
concentric layers of electron density. Similarly, all but the first p orbitals 
(2 p) and the first d orbitals (3d) have a shell structure. 

The angular function A depends only on the direction and is indepen¬ 
dent of the distance from the nucleus (r). Thus A 2 is the probability of 
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radial and angular functions 


L 


n mg an electron at a given direction 0, <J> at any distance from the 
nuc eus to infinity. The angular functions /tare plotted as polar diagrams in 
igure 1.9. It must be emphasized that these polar diagrams do not 
represent the total wave function \y. but only the angular part of the wave 
function. (The total wave function is made up from contributions from 
both the radial and the angular functions.) 

= R(r ). A 

Thus the probability of finding an electron simultaneously at a distance r 
and in a given direction 6, <J> is 

Vfi .«.+ = /? 2 (r)./t 2 (0,<|>) 

Polar diagrams, that is drawings of the the angular part of the wave 
function, are commonly used to illustrate the overlap of orbitals giving 
bonding between atoms. Polar diagrams are qui'e good for this purpose, as 
they show the signs + and - relating to the symmetry of the angular 
function. For bonding like signs must overlap. These shapes are slightly 
different from the shapes of the total wave function. There are several 
points about such diagrams: 

1. It is difficult to picture an angular wave function as a mathematical 
equation. It is much easier to visualize a boundary surface, that is a solid 
shape, which for example contains 90% of the electron density. To 
emphasize that \p is a continuous function, the boundary surfaces 
have been extended up to the nucleus in Figure 1.9. For p orbitals the 
electron density is zero at the nucleus, and some texts show a p orbital 
as two spheres which do not touch. 

2. These drawings show the symmetry for the 1 j, 2 p, 3 d orbitals. 
However, in the others. Is . 3j, 4s... . 3 p, 4p, 5p. .. , 4 d, 5 d. .. the sign 
(symmetry) changes inside the boundary surface of the orbital. This is 
readily seen as nodes in the graphs of the radial functions (Figure 1.8). 




Figure 1.10 The angular par. of the wave funct.on squared ^(6. *) for .he 2 p 
orbitals for a hydrogen atom 
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JHJ1LD-UP OF THE ELEMENTS, HUND’S RULE 


3. 


funciinn *' * a* ^ n(1,,, g an electron at a direction 0. 0 is the wave 
1 9 are 0 /^^ ' ° r more P rec ' sel y Vh'P*- The diagrams in Figure 

does not h C 3 ri k U 3r ^ art Wave ^ unct ' on not A 2 . Squaring 

orhLk rp hange , lh 1 e n sha P e of an * °^ital. but it elongates the lobes of p 
k , ?| lrc ^ 0me books use elongated p orbitals, but strictly 

cu»« S # ° U rv” 0 * ^ aVe s '^ ns ’ as s 9 uar ing removes any sign from the 
ymme ry. espite this, many authors draw shapes approximating to 
the probabilities, i.e. squared wave functions, and put the signs of the 

wave function on the lobes, and refer to both the shapes and the wave 
functions as orbitals. 


A full representation of the probability of finding an electron requires 
the total wave function squared and includes both the radial and angular 
probabilities squared. It really needs a three-dimensional model to 
display this probability, and show the shapes of the orbitals. It is 
difficult to do this adequately on a two-dimensional piece of paper, but 
a representation is shown in Figure 1.11. The orbitals are not drawn to 
scale. Note that the p orbitals are not simply two spheres, but are 
ellipsoids of revolution. Thus the 2 p x orbital is spherically symmetrical 
about the x axis, but is not spherical in the other direction. Similarly the 
p v orbital is spherically symmetrical about the y axis, and both the p x 
and the 3 d : : are spherically symmetrical about the z axis. 


PAULI EXCLUSION PRINCIPLE 

Three quantum numbers n , / and m are needed to define an orbital. Each 
orbital may hold up to two electrons, provided they have opposite spins. 
An extra quantum number is required to define the spin of an electron in 
an orbital. Thus four quantum numbers are needed to define the energy of 
an electron in an atom. The Pauli exclusion principle states that no two 
electrons in one atom can have all four quantum numbers the same. By 
permutating the quantum numbers, the maximum number of electrons 
which can be contained in each main energy level can be calculated (see 

Figure 1.12). 

BUILD-UP OF THE ELEMENTS, HUND’S RULE 

When atoms are in their ground state, the electrons occupy the lowest 
possible energy levels. 

The simplest element, hydrogen, has one electron, which occupies the 1 j 
level; this level has the principal quantum number n = 1, and the 
subsidiary quantum number / = 0. 

Helium has two electrons. The second electron also occupies the Is 
level. This is possible because the two electrons have opposite spins. This 

level is now full. 

The next atom lithium has three electrons. The third electron occupies 
the next lowest level. This is the 2s level, which has the principal quantum 
number n = 2 and subsidiary quantum number / = 0. 
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Figure 1.12 Quantum numbers, the permissible number of electrons and the shape of the periodic table 
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BUILD-UP of THE ELEMENTS, HUND’S rule 


^ cctron ' n beryllium also occupies the Is level. Boron must 
ha e its fifth electron in the Ip level as the Is level is full. The sixth electron 
in car n is a so in the 2p level. Hund’s rule states that the number of 
unpaire e ectrons in a given energy level is a maximum. Thus in the 
groun state t e two p electrons in carbon are unpaired. They occupy 
separate p or itals and have parallel spins. Similarly in nitrogen the three p 
electrons arc unpaired and have parallel spins. 

To show the positions of the electrons in an atom, the symbols Is, 2s, 2p, 
etc.^ are used to denote the main energy level and sub-level. A superscript 
indicates the number of electrons in each set of orbitals. Thus for 
hydrogen, the Is orbital contains one electron, and this is shown as Is 1 . For 
helium the Is orbital contains two electrons, denoted Is 2 . The electronic 
structures of the first few atoms in the periodic table may be written: 


H 

u 1 



He 

b 2 



Li 

b 2 

2s 1 


Be 

b 2 

2s 2 


B 

b 2 

2s 2 

2 P' 

C 

b 2 

2s 2 

2 P 2 

N 

b 2 

2s 2 

V 

O 

b 2 

2s 2 

2P 4 

F 

b 2 

2s 2 

2p 5 

Ne 

b 2 

2s 2 

2 p" 

Na 

b 2 

2s 2 

2 P h 


An alternative way of showing the electronic structure of an atom is to 
draw boxes for orbitals, and arrows for the electrons. 


Electronic structure of H atom 
in the ground state 


Electronic structure of He atom 
in the ground state 


Electronic structure of Li atom 
in the ground state 


Electronic structure of Be atom 
in the ground state 


Electronic structure of B atom 
in the ground state 
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Electronic structure of C atom 
in the ground state 


Electronic structure of N atom 
in the ground state 


Electronic structure of O atom 
in the ground state 


Electronic structure of F atom 
in the ground state 


Is 

2s 

2p 

0 

0 

t t 

Is 

2s 

2 P 

0 

0 

t t T 

Is 

2s 

2 P 

0 

0 

tl t T 

Is 

2s 

2 P 

0 

0 

U U T 


Electronic structure of Ne atom 
in the ground state 


Electronic structure of Na atom 
in the ground state 



The process continues in a similar way. 


SEQUENCE OF ENERGY LEVELS 

It is important to know the sequence in which the energy levels are filled. 
Figure 1.13 is a useful aid. From this it can be seen that the order of filling 
of energy levels is: Is, Is , 2 p, 35, 3 p, 4j, 3d, 4 p, 5s, 4 d, 5p, 65 , 4/, 5 d, 6 p. 
Is, etc. 

After the \s, 2s, 2p, 3 s and 3 p levels have been filled at argon, the next 
two electrons go into the 45 level. This gives the elements potassium and 
calcium. Once the 45 level is full the 3 d level is the next lowest in energy, 
not the 3 p level. Thus the 3 d starts to fill at scandium. The elements from 
scandium to copper have two electrons in the 45 level and an incomplete 3 d 
level, and all behave in a similar manner chemically. Such a series of atoms 
is known as a transition series. 

A second transition series starts after the 5s orbital has been filled, at 
strontium, because in the next element, yttrium, the 4 d level begins to fill 
up. A third transition series starts at lanthanum where the electrons start to 
fill the 5 d level after the 6 d level has been filled with two electrons. 

A further complication arises here because after lanthanum, which has 
one electron in the 5 d level, the 4/level begins to fill, giving the elements 
from cerium to lutetium with from one to 14/ electrons. These afe 
sometimes called the inner transition elements, but are usually known as 
the lanthanides or rare earth metals. 












ARRANGEM ENT OF THE ELEMENTS IN GROUPS IN THE PERIODIC TABLE 


ARRANGEMENT OF THE ELEMENTS IN GROUPS IN THE 
PERIODIC TABLE 

V 


\ 

The chemical properties of an element are largely governed by the number 
of electrons in the outer shell, and their arrangement. If the elements are 
arranged in groups which have the same outer electronic arrangement, 
then elements within a group should show similarities in chemical and 
physical properties. One great advantage of this is that initially it is only 
necessary to learn the properties of each group rather than the properties 
of each individual element. 

Elements with one s electron in their outer shell are called Group 1 
(the alkali metals) and elements with two j electrons in their outer shell 
are called Group 2 (the alkaline earth metals). These two groups are 

known as the j-block elements, because their properties result from the 
presence of s electrons. 

Elements with three electrons in their outer shell (two s electrons and 
one p electron) are called Group 13, and similarly Group 14 elements 
ave four outer electrons. Group 15 elements have five outer electrons. 
Group 16 elements have six outer electrons and Group 17 elements have 
seven outer electrons. Group 18 elements have a full outer shell of 
electrons Groups 13, 14, 15, 16, 17 and 18 all have p orbitals filled and 
because their properties are dependent on the presence of p electrons, 
they are called jointly the p-block elements. 

In a similar way. elements where d orbitals are being filled arc called 
the d-block. or transition, elements. In these, d electrons are being added 
to the penultimate shell. For example, the element scandium Sc is the 
first transition element, and follows immediately after the element calcium 
Ca, which is in Group 2. The outer shell of calcium contains two j 
electrons. Scandium also has two s electrons, but also has one d electron 
(albeit in the pentultimate shell); hence the scandium group is called 
Group 3. Similarly, titanium Ti (the second transition element) has two s 
electrons, and also two d electrons (in the penultimate shell); hence the 
titanium group is called Group 4. Up to ten d electrons can be added- 
hence the transition metals are arranged in Group 3 to Group 12 inclusive’ 

Finally, elements where / orbitals are filling are called the /-block and 
.herethe /electrons are entering the antepenultimate (or second from the 


In the periodic table (Table 1.4). the elements are arranged in order of 
increasing atomic number, that is in order of increased nuclear charge or 
increased number of orbital electrons. Thus each element contains one 
more orbital electron than the preceding element. Instead of listing the im 
elements as one long list the periodic table arranges them into several 
honzontal rows or periods, in such a way tha. each row begins with an 
alkali metal and ends with a noble gas. The sequence in which ihe »„ • 
energy levels are filled determines the number of elements in each 
and the periodic table can be divided into four main regions acm ? nod ’ 
whether the s , p, d or / levels are being filled. tding to 





Table 1.4 The periodic table 
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PROBLEMS 


1st period Is elements in this period 2 

2nd period 2s 2 p elements in this period 8 

3rd period 3s 3 p elements in this period 8 

4th period 4s 3 d 4 p elements in this period 18 

5th period 5s 4 d 5 p elements in this period 18 

6th period 6s 4/ 5 d 6p elements in this period 32 

The alkali metals appear in a vertical column labelled Group 1. in 
which all elements have one s electron in their outer shell, and hence 
have similar properties. Thus when one element in a group reacts with a 
reagent, the other elements in the group will probably react similarly, 
forming compounds which have similar formulae. Thus reactions of new 
compounds and their formulae may be predicted by analogy with known 
compounds. Similarly the noble gases all appear in a vertical column 
labelled Group 18, and all have a complete outer shell of electrons. This 
is called the long form of the periodic table. It has many advantages, the 
most important being that it eimphasizes the similarity of properties 
within a group and the relation between the group and the electron 
structure. The d-block elements are referred to as the transition elements 
as they are situated between the 5- and /^-blocks. 

Hydrogen and helium differ from the rest of the elements because there 
are no p orbitals in the first shell. Helium obviously belongs to Group 18, 
the noble gases, which are chemically inactive because their outer shell of 
electrons is full. Hydrogen is more difficult to place in a group. It could be 
included in Group 1 because it has one s electron in its outer shell, 
is univalent and commonly forms univalent positive ions. However, 
hvdroeen is not a metal and is a gas whilst Li, Na, K, Rb and Cs are 
metals and are solids. Similarly, hydrogen could be included in Group 17 
because it is one electron short of a complete shell, or in Group 14 because 
its outer shell is half full. Hydrogen does not resemble the alkali metals, 
the halogens or Group 14 very closely. Hydrogen atoms are extremely 
small, and have many unique properties. Thus there is a case for placing 
hydrogen in a group on its own. 

FURTHER READING 

Karplus, M. and Porter. R.N. (1971) Atoms and Molecules , Benjamin, New York. 
Greenwood. N.N. (1980) Principles of Atomic Orbitals . Royal Institute of 

Chemistry Monographs for Teachers No. 8. 3rd ed.. London. 

PROBLEMS 

1 Name the first five series of lines that occur in the atomic spectrum of 
hydrogen. Indicate the region in the electromagnetic spectrum where 
these series occur, and give a general equation for the wavenumber 
applicable to all the series. 
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ATOMIC STRUCTURE AND THE PERIODIC TABLE 


2. What are the assumptions on which the Bohr theory of the structure of 
‘ the hydrogen atom is based? 

3. Give the equation which explains the different series of lines in the 
atomic spectrum of hydrogen. Who is the equation named after? 
Explain the various terms involved. 

4. (a^ Calculate the radii of the first three Bohr orbits for hydrogen. 

(Planck’s constant h = 6.6262 x IO' 4 Js; mass of electron 
ni — 9.1091 x 10 - ' 1 kg; charge on electron e = 1.60210 x I0“ IV C; 
permittivity of vacuum e«, = 8.854185 x 10" 12 kg* 1 m“ 3 A 2 .) 
(Answers: 0.529 x 10*"‘m; 2.12 x 10" ,o m; 4.76 x 10* ,(, m; that 
is 0.529 A 2.12 A and 4.76 A.) 

(b) Use these radii to calculate the velocity of an electron in each of 
these three orbits. 

(Answers: 2.19 x lO^ms" 1 ; 1.09 x 10 h ms*'; 7.29 x lO^ms -1 .) 

5. The Balmer series of spectral lines for hydrogen appear in the visible 
region. What is the lower energy level that these electronic transitions 
start from, and what transitions correspond to the spectral lines at 
379.0 nm and 430.0 nm respectively? 

6 . What is the wavenumber and wavelength of the first transition in the 
Lyman. Balmer and Paschen series in the atomic spectra of hydrogen? 

7. Which of the following species does the Bohr theory apply to? (a) H, 
(b) H*. (c) He. (d) He’, (e) Li. (f) Li’, (g) Li’ 2 , (h) Be. (g) Be’, 
(b) Be 2 *, (i) Be” 

8 . How does the Bohr theory of the hydrogen atom differ from that of 
Schrodinger? 

9. (a) Write down the general form of the Schrodinger equation and 

define each of the terms in it. 

(b) Solutions to the wave equation that are physically possible must 
have four special properties. What are they? 

10. What is a radial distribution function? Draw this function for the 1 s % 
2s. 3 a. 2 p, 3 p and 4 p orbitals in a hydrogen atom. 

11. Explain (a) the Pauli exclusion principle, and (b) Hund’s rule. Show 
how these are used to specify the electronic arrangements of the first 
20 elements in the periodic table. 

12. What is an orbital? Draw the shapes of the \s % 2j, 2p x ,2p y , 2p z% 3 d x , 
3 d, z . 3 d v: , 3d r :_ v ; and 3 d z : orbitals. 

13. Give the names and symbols of the four quantum numbers required to 
define the energy of electrons in atoms. What do these quantum 
numbers relate to, and what numerical values are possible for each? 
Show how the shape of the periodic table is related to these quantum 
numbers. 





PROBLEMS 


14. The first shell may contain up to 2 electrons, the second shell up to 8, 
the third shell up to 18, and the fourth shell up to 32. Explain this 
arrangement in terms of quantum numbers. 

15. Give the values of the four quantum numbers for each electron in the 
ground state for (a) the oxygen atom, and (b) the scandium atom. (Use 
positive values for m t and m s first.) 

16. Give the sequence in which the energy levels in an atom are filled with 
electrons. Write the electronic configurations for the elements of 
atomic number 6, II, 17 and 25. and from this decide to which group in 
the periodic table each element belongs. 

17. Give the name and symbol for each of the atoms which have the 
ground state electronic configurations in their outer shells: (a) Is 2 . 
(b) 3s 2 3p\ (c) 3s 2 3p 6 4r. (d) 35 2 3//’3</ 6 45 2 , (e) 5 s 2 5p 2 , (f) 5s 2 5p t . 
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Introduction to 
bonding 


ATTAINMENT OF A STABLE CONFIGURATION 

How do atoms combine to form molecules and whv do atoms form bonds? 

* 

A molecule will only be formed if it is more stable, and has a lower energy, 
than the individual atoms. 

To understand what is happening in terms of electronic structure, con¬ 
sider first the Group 18 elements. These comprise the noble gases, helium, 
neon, argon, krypton, xenon and radon, which are noteworthy for their 
chemical inertness. Atoms of the noble gases do not normally react with 
any other atoms, and their molecules are monatomic, i.e. contain only one 
atom. The lack of reactivity is because the atoms already have a low 
energy, and it cannot be lowered further by forming compounds. The low 
energy of the noble gases is associated with their having a complete outer 
shell of electrons. This is often called a noble gas structure, and it is an 
exceptionally stable arrangement of electrons. 

Normally only electrons in the outermost shell of an atom are involved in 
forming bonds, and by forming bonds each atom acquires a stable electron 
configuration. The most stable electronic arrangement is a noble gas 
structure, and many molecules have this arrangement. However, less 
stable arrangements than this are commonly attained by transition 
elements. 

TYPES OF BONDS 

Atoms may attain a stable electronic configuration in three different ways: 
by losing electrons, by gaining electrons, or by sharing electrons. 
Elements may be divided into: 

1. Electropositive elements, whose atoms give up one or more electrons 
fairly readily. 

2 . Electronegative elements, which will accept electrons. 

3. Elements which have little tendency to lose or gain electrons. 

Three different types of bond may be formed, depending on the 
electropositive or electronegative character of the atoms involved. 
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TRANSITIONS BETWEEN THE MAIN TYPES OF BONDING 


Electropositive element 
+ 

Electronegative element, 

Electronegative clement 
+ 

Electronegative element J 

Electropositive element 
+ 

Electropositive element , 


Ionic bond 


Covalent bond 


Metallic bond 


Ionic bonding involves the complete transfer of one or more electrons 
from one atom to another. Covalent bonding involves the sharing of a pair 
of electrons between two atoms, and in metallic bonding the valency 
electrons are free to move throughout the whole crystal. 

These types of bonds are idealized or extreme representations, and 
though one type generally predominates, in most substances the bond type 
is somewhere between these extreme forms. For example, lithium chloride 
is considered to be an ionic compound, but it is soluble in alcohol, which 
suggests that it also possesses a small amount of covalent character. If the 
three extreme bond types are placed at the corners of a triangle, then 
compounds with bonds predominantly of one type will be represented as 
points near the corners. Compounds with bonds intermediate between two 
types will occur along an edge of the triangle, whilst compounds with bonds 
showing some characteristics of all three types are shown as points inside 

the triangle. 


Metallic 

Li 

/ \ 

Ag Na 3 Bi 

/ \ 


Sn 


/ 


As 


/ 


Te 


/ 


/ 


Na 3 Sb 

\ 

Na 3 As 

\ 

Na 3 P 

\ 

Na 3 N 

\ 


\ 2 -CIF -OF 2 -NF 3 -CCU * BF 3 - BeF 2 - Na 2 0 

J 2 _ - SF« - PF* - SiF 4 - AIF 3 - MgF ? - CsF 

Covalent lon,c 

Flour* 1 1 Triangle illustrating the transitions between ionic, covalent and metallic 
toftdin/ (Reproduced from clm.ca, Conusor,, by J A.A Ke.elaar. Elscv.er.) 
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INTRODUCTION TO BONDING 


TRANSITIONS BETWEEN THE MAIN TYPES OF BONDING 

Few bonds are purely ionic, covalent or metallic. Most arc intermediate 
between the three main types, and show some properties of at least two, 
and sometimes of all three types. 


Ionic bonds 

Ionic bonds are formed when electropositive elements react with electro¬ 
negative elements. 

Consider the ionic compound sodium chloride. A sodium atom has the 
electronic configuration lj 2 2s 2 2p b 35*. The first and second shells of 
electrons are full, but the third shell contains only one electron. When this 
atom reacts it will do so in such a way that it attains a stable electron 
configuration. The noble gases have a stable electron arrangement and the 
nearest noble gas to sodium is neon, whose configuration is 1 j 2 Is 2 2p h . If 
the sodium atom can lose one electron from its outer shell, it will attain this 
configuration and in doing so the sodium acquires a net charge of +1 and is 
called a sodium ion Na + . The positive charge arises because the nucleus 
contains 11 protons, each with a positive charge, but there are now only 10 
electrons. Sodium atoms tend to lose an electron in this way when they are 
supplied with energy, and so sodium is an electropositive element: 

Na -♦ Na* + electron 

sodium atom sodium ion 

Chlorine atoms have the electronic configuration Is 2 2 s 2 2p* 3 s 2 3p\ They 
are only one electron short of the stable noble gas configuration of argon 
l5 2 2 j 2 2p 6 35 2 3p 6 , and when chlorine atoms react, they gain an electron. 
Thus chlorine is an electronegative element. 

Cl + electron —► Cl" 

chlorine atom chloride ion 


Through gaining an electron, an electrically neutral chlorine atom becomes 
a chloride ion with a net charge of -1. 

When sodium and chlorine react together, the outer electron of the 
sodium atoms is transferred to the chlorine atoms to produce sodium ions 
Na* and chloride ions Cl" Electrostatic attraction between the positive 
and negative ions holds the ions together in a crystal lattice. The process is 
energetically favourable as both sorts of atoms attain the stable noble gas 
configuration, and sodium chloride Na + CI~ is formed readily. This may be 
illustrated diagrammatically in a Lewis diagram showing the outer 
electrons as dots: 


Na . + • Cl : 



sodium atom 


chlorine alom 


sodium ion 


chloride ion 
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TRANSITIONS BETWEEN THE MAIN TYPES OF BONDING 



The formation of calcium chloride CaCI 2 may be considered in a similar 
way. Ca atoms have two electrons in their outer shell. Ca is an 
electropositive element, so each Ca atom loses two electrons to two Cl 
atoms, ormmg a calcium ion Ca 2 " and two chloride ions Cl". Showing the 
outer electrons only, this may be represented as follows: 



Ca : + 




calcium alom chlorine alums calcium ion 


chlcinrV* 


Covalent bonds 

When two electronegative atoms react together, both atoms have a 
tendency to gain electrons, but neither atom has any tendency to lose 
electrons. In such cases the atoms share electrons so as to attain a noble gas 
configuration. 

First consider diagrammatically how two chlorine atoms Cl react to form 
a chlorine molecule Cl 2 (only the outer electrons are shown in the 
following diagrams): 


Cl . + * Cl : 


: Cl : Cl : 


chlorine atoms chlorine molecule 

Each chlorine atom gives a share of one of its electrons to the other atom. 
A pair of electrons is shared equally between both atoms, and each atom 
now has eight electrons in its outer shell (a stable octet) - the noble gas 
structure of argon. In this electron dot picture (Lewis structure), the 
shared electron pair is shown as two dots between the atoms Cl : Cl. In the 
valence bond representation, these dots arc replaced by a line, which 
represents a bond Cl—Cl. 

In a similar way a molecule of tetrachloromethane CCI 4 is made up of 
one carbon and four chlorine atoms: 


Cl 



+ 4 


Cl : 


Cl : C : Cl 


Cl 


The carbon atom is four electrons short of the noble gas structure, so it 
forms four bonds, and the chlorine atoms are one electron short, so they 
each form one bond. By sharing electrons in this way. both the carbon and 
all four chlorine atoms attain a noble gas structure. It must be emphasized 
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that although it is possible to build up molecules in this way in order to 
understand their electronic structures, it does not follow that the atoms will 
react together directly. In this case, carbon and chlorine do not react 
directly, and tetrachloromethane is made by indirect reactions. 

A molecule of ammonia NHj is made up of one nitrogen an three 

hydrogen atoms: 


N • + 3[H | — H : N : H 

H 

The nitrogen atom is three electrons short of a noble gas structure, and the 
hydrogen atoms are one electron short of a noble gas structure. Nitrogen 
forms three bonds, and the hydrogen atoms one bond each, so all four 
atoms attain a stable configuration. One pair of electrons on the N atom is 
not involved in bond formation, and this is called a lone pair of electrons. 

Other examples of covalent bonds include water (with two covalent 
bonds and two lone pairs of electrons), and hydrogen fluoride (one 
covalent bond and three lone pairs): 

• • • • 

H : O : H : F : 

• • • • 

H 


Oxidation numbers 

The oxidation number of an element in a covalent compound is calculated 
by assigning shared electrons to the more electronegative element, and 
then counting the theoretical charge left on each atom. (Electronegativity 
is described in Chapter 6.) An alternative approach is to break up 
(theoretically) the molecule by removing all the atoms as ions, and 
counting the charge left on the central atom. It must be emphasized that 
molecules are not really broken, nor electrons really moved. For example, 
in H}0, removal of two H* leaves a charge of -2 on the oxygen atom, so 
the oxidation state of O in H.O is (-11). Similarly in H 2 S the oxidation 
state of S is (-11): in F 2 0 the oxidation state of O is (+11); in SF, the 
oxidation state of S is (+IV); whilst in SF„ the oxidation state of S is 
(+VI). The concept of oxidation numbers works equally well with ionic 
compounds, and in CrCI, the Cr atom has an oxidation state of ( + 111) and 
it forms Cr'* ions. Similarly in CrCI 2 . Cr has the oxidation state (+ II). and 

exists as Cr 2 * ions. 


Coordinate bonds 

A covalent bond results from the sharing of a pair of electrons between two 
atoms, where each atom contributes one electron to the bond. It is a so 


transitions between the main types of bonding 



possible to have an electron pair bond where both electrons originate from 
one atom and none from the other. Such bonds are called coordinate bonds 
or dative bonds. Since, in coordinate bonds, two electrons are shared by 
two atoms, they differ from normal covalent bonds only in the way they 

are formed, and once formed they are identical to normal covalent 
bonds. 

Even though the ammonia molecule has a stable electron configuration, 
it can react with a hydrogen ion H + by donating a share in the lone pair of 
electrons, forming the ammonium ion NH|: 


H 

H 


+ 

H 

i 

H : N : + [H]'" - 

H : N : 

H 

or 

1 

H—N-H 

i 

H 

H 



1 

H 

■ m 


Covalent bonds are usually shown as straight lines joining the two atoms, 
and coordinate bonds as arrows indicating which atom is donating the 
electrons. Similarly ammonia may donate its lone pair to boron trifluoride, 
and by this means the boron atom attains a share in eight electrons: 

H F H F 

.... | I 

H : N : + B : F — H—N—B—F 

.... | | 

H F H F 


In a similar way. a molecule of BF 3 can form a coordinate bond by 
accepting a share in a lone pair from a F ion. 


F : 


+ B : F 


F—»B—F 


There arc many other examples, including: 

PCU + CP - |PC1 6 |- 
SbF< + F" —* [SbF ( ,)“ 




X 


Double and triple bonds 

Sometimes more than two electrons are shared between a pair of atoms. If 
four electrons are shared, then there are two bonds, and this arrangement 
is called a double bond. If six electrons arc shared then there are three 
bonds, and this is called a triple bond: 


V 
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H H 

C : C 
H H 


H H 

\ / 


C=C 


/ \ 


H H 


Ethene molecule 
(double bond) 


H : C 


C : H 


H—C=C—H 


Ethyne molecule 
(triple bond) 


Metallic bonds and metallic structures 

Metals are made up of positive ions packed together, usually in one of the 
three following arrangements: 

1. Cubic close-packed (also called face-centred cubic). 

2. Hexagonal close-packed. 

3. Body-centred cubic. 

Negatively charged electrons hold the ions together. The number of 
positive and negative charges are exactly balanced, as the electrons 
originated from the neutral.metal atoms. The outstanding feature of metals 
is their extremely high electrical conductivity and thermal conductivity, 
both of which are because of the mobility of these electrons through the 
lattice. 

The arrangements of atoms in the three common metallic structures are 
shown in Figure 2.2. Two of these arrangements (cubic close-packed and 
hexagonal close-packed) are based on the closest packing of spheres. The 
metal ions are assumed to be spherical, and are packed together to fill the 
space most effectively, as shown in Figure 2.3a. Each sphere touches six 
other spheres within this one layer. 

A second layer of spheres is arranged on top of the first layer, the 
protruding parts of the second layer fitting into the hollows in the first layer 
as shown in Figure 2.4a. A sphere in the first layer touches three spheres in 
the layer above it, and similarly touches three spheres in the layer below it, 
plus six spheres in its own layer, making a total of 12. The coordination 
number, or number of atoms or ions in contact with a given atom, is 
therefore 12 for a close-packed arrangement. With a close-packed arrange¬ 
ment, the spheres occupy 74% of the total space. 

When adding a third layer of spheres, two different arrangements are 
possible, each preserving the close-packed arrangement. 

If the first sphere of the third layer is placed in the depression X shown in 
Figure 2.4a, then this sphere is exactly above a sphere in the first layer. It 
follows that every sphere in the third layer is exactly above a sphere in the 
first layer as shown in Figure 2.2a. If the first layer is represented by A, and 
the second layer by B, the repeating pattern of close-packed sheets is 
ABABAB. . . . This structure has hexagonal symmetry, and it is therefore 
said to be hexagonal close-packed. 

Alternatively, the first sphere of the third layer may be placed in a 
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(c) 

Fkure 2 2 The three metallic structures, (a) Hexagonal close-packed structure 
structure showing the 8 neighbours surrounding each sphere. 
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(a) (b) 

Figure 2.3 Possible ways of packing equal spheres in two dimensions, (a) Close- 
packed (fills 74% of space), (b) Body-centred cubic (fills 68% of space). 




(a) Hexagonal 
close-packed 



(b) Cubic 
close-packed. 


Figure 2.S Arrangement of 12 
nearest neighbours in hexagonal 
and cubic dose-packed 
arrangements. (Note that the top 
and middle layers are the same, 
but in the cubic dose-packed 
structure the bottom layer is 
rotated 6<T relative to the 
hexagonal close-packed. 




Figure 2.4 Superimposed layers of close-packed spheres, (a) Two layers of close- 
packed spheres (second layer is shaded), (b) Three layers of dose-packed sDheres 
(second layer shaded, third layer bold circles). Note that the third layer is not above 
the first layer, hence this is an ABCABC.. (cubic close-packed) arrangement 


depression such as Y in Figure 2.4a. The sphere is not exactly above a 
sphere in the first layer, and it follows that all the spheres in the third layer 
are not exactly above spheres in the first layer (Figure 2.4b). If the three 
layers are represented by A, B and C, then the repeating pattern of sheets 
is ABCABCABC... (F.gure 2.2b). This structure has cubic symmetryand 
is said to be cubic close-packed. An alternative name for this structure is 
face-centred cubic. The difference between hexagonal and cubic close 
packing is illustrated in Figure 2.5. 

Random forms of close packing such as ABABC or'ACBACB are 

possible, but occur only rarely. Hexagonal ABABAB and cubic ABCABC 
close packing are common. 

Tlie third common metallic structure is called body-centred cubic 
(Figure 2.2c). The spheres are packed in sheets as shown in Figure 2 3b 
TTie second layer occupies the hollows in this first sheet. The third layer 
occupies hollows in the second layer, and the third layer is immediately 
above the first layer. This form of packing is less efficient at filling the space 
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than closest packing (compare Figures 2.3a and b). In a body-centred cubic 
structure the spheres occupy 68% of the total space and have a co¬ 
ordination number of 8, compared with close-packe'd structures where 
74% of the space is occupied and the coordination number is 12. Metallic 
structures always have high coordination numbers. 

The theories of bonding in metals and alloys are described in Chapter 5. 

Metallic bonding is found not only in metals and alloys, but also in 
several other types of compound: 

1. Interstitial borides, carbides, nitrides and hydrides formed by the 
transition elements (and by some of the lanthanides too). Some low 
oxidation states of transition metal halides also belong to this group, 
where the compounds show electrical conductivity, and are thought to 
contain free electrons in conduction bands. 

2. Metal cluster compounds of the transition metals, and cluster com¬ 
pounds of boron, where the covalent bonding is delocalized over several 
atoms, and is equivalent to a restricted form of metallic bonding. 

3. A group of compounds including the metal carbonyls which contain 
a metal-metal bond. The cluster compounds, and the compounds 
with metal-metal bonds, may help to explain the role of metals as 
catalysts. 


Melting points 

Ionic compounds are typically solids and usually have high melting and 
boiling points. In contrast covalent compounds are typically gases, liquids 
or low melting solids. These differences occur because of differences in 
bonding and structure. 

Ionic compounds are made up of positive and negative ions arranged in a 
regular way in a lattice. The attraction between ions is electrostatic, and is 
non-directional, extending equally in all directions. Melting the compound 
involves breaking the lattice. This requires considerable energy, and so the 
melting point and boiling point are usually high, and the compounds are 

very hard. 

Compounds with covalent bonds are usually made up of discrete 
molecules. The bonds are directional, and strong covalent bonding forces 
hold the atoms together to make a molecule. In the solid, molecules are 
held together by weak van der Waals forces. To melt or boil the compound 
we only need supply the small amount of energy needed to break the van 
der Waals forces. Herice covalently bonded compounds are often gases, 
liquids or soft solids with low melting points. 

In a few cases such as diamond, or silica Si0 2 , the structures are covalent 
giant lattices instead of discrete molecules. In these cases there is a three- 
dimensional lattice, with strong covalent bonds in all directions. It requires 
a large amount of energy to break this lattice, and so diamond, silica and 
other materials with giant three-dimensional lattices are very hard and 
have high melting points. 




Conductivity 

Ionic compounds conduct electricity when the compound is melted , or 
in solution . Conduction is achieved by the ions migrating towards the 
electrodes under the influence of an electric potentiaL If an electric current 
is passed through a solution of sodium chloride, Na ions are attracted to 
the negatively charged electrode (cathode), where they gain an electron 
and form sodium atoms. The Cl ions are attracted to the positive 
electrode (anode), where they lose an electron and become chlorine 
atoms. This process is called electrolysis. The changes amount to the 
transfer of electrons from cathode to anode, but conduction occurs by an 
ionic mechanism involving the migration of both positive and negative ions 
in opposite directions. 

In the solid state, the ions are trapped in fixed places in the crystal 
lattice, and as they cannot migrate, they cannot conduct electricity in this 
way. It is, however, wrong to say that ionic solids do not conduct electricity 
without qualifying the statement. The crystal may conduct electricity to a 
very small extent by semiconduction if the crystal contains some defects. 
Suppose that a lattice site is unoccupied, and there is a ‘hole’ where an ion 
is missing. An ion may migrate from its lattice site to the vacant site, and 
in so doing it makes a ‘hole’ somewhere else. The new ‘hole’ is filled by 
another ion, and so on, so eventually the hole migrates across the crystal, 
and a charge is carried in the other direction. Plainly the amount of current 
carried by this mechanism is extremely small, but semiconductors are of 
great importance in modern electronic devices. 

Metals conduct electricity better than any other material, but the 
mechanism is by the movement of electrons instead of ions. 

Covalent compounds contain neither ions (as in ionic compounds) nor 
mobile electrons (as in metals), so they are unable to conduct electricity in 
either the solid, liquid or gaseous state. Covalent compounds are therefore 
insulators. 


Solubility 

If they dissolve at all, ionic compounds are usually soluble in polar 
solvents. These are solvents of high dielectric constant such as water, or the 
mineral acids. Covalent compounds are not normally soluble in these 
solvents but if they dissolve at all they are soluble in non-polar (organic) 
solvents of low dielectric constant, such as benzene and tetrachloro- 
methane. The general rule is sometimes stated that ‘like dissolves like’, and 
so ionic compounds usually dissolve in ionic solvents, and covalent 
compounds usually dissolve in covalent solvents. 


Speed of reactions 

Ionic compounds usually react very rapidly, whilst covalent compounds 
usually react slowly. For ionic reactions to occur, the reacting species are 



transitions between the main types of bonding 


ions, and as these already exist, they have only to collide with the other 
type of*ion. For example, when testing a solution for chloride ions (by 
adding silver nitrate solution), precipitation of AgCI is very rapid. 

Ag + + CP -> AgCI 

Reactions of covalent compounds usually involve breaking a bond and 
then substituting or adding another group. Energy is required to break the 
bond. This is called the activation energy, and it often makes reactions 
slow. Collisions between the reactant molecules will only cause reaction if 
they have enough energy. For example, reduction of preparative amounts 
of nitrobenzene to aniline takes several hours. Similarly the reaction of H 2 
and Cl 2 is typically slow except in direct sunlight when the mixture may 
explode! 


C 6 H 5 N0 2 + 6[H] — C 6 HsNH 2 + 2H 2 0 

H 2 — 2H 
Cl 2 — 2C1 
, H + Cl —► HCI 

It is important to realize that bonds are not necessarily 100% covalent or 
100% ionic, and that,bonds of intermediate character exist. If a molecule 
is made up of two identical atoms, both atoms have the same electro¬ 
negativity, and so have an equal tendency to gain electrons. (See Chapter 
6.) In such a molecule the electron pair forming the bond is equally shared 
by both atoms. This constitutes a 100% covalent bond, and is sometimes 
called a non-polar covalent bond. 

More commonly molecules are formed between different types of atoms, 
and the electronegativity of the two atoms differs. Consider for example 
the molecules CIF and HF. Fluorine is the most electronegative atom, and 
it attracts electrons more strongly than any other element when covalently 
bonded. The bonding electrons spend more time round the F than round 
the other atom, so the F atom has a very small negative charge 6- and the 
atom (Cl or H) has a small positive charge 6+. 

6 + 6 — 6 + 6 - 

Cl-F H-F 

Though these bonds are largely covalent, they possess a small amount of 
ionic character, and are sometimes called polar covalent bonds. In such 
molecules, a positive charge, and an equal negative charge, are separated 
by a distance. This produces a permanent dipole moment in the molecule. 

The dipole moment measures the tendency of the molecule to turn and 
line up its charges when placed in an electric field. Polar molecules have a 
high dielectric constant, and non-polar molecules have a low dielectric 
constant. The dielectric constant is the ratio of the capacitance of a 
condenser with the material between the plates, to the capacitance of the 
same condenser with a vacuum between them. By measuring the capaci¬ 
tance with the substance between the plates and then with a vacuum, we 
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can obtain the dielectric constant. Its size indicates whether the material 
is polar or non-polar. 

Ionic, covalent and metallic bonds are considered in more detail in the 
following chapters. 
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STRUCTURES OF IONIC SOLIDS 

Ionic compounds include salts, oxides, hydroxides, sulphides, and the 
majority of inorganic compounds. Ionic solids are held together by the 
electrostatic attraction between the positive and negative ions. Plainly 
there will be repulsion if ions of the same charge are adjacent, and at¬ 
traction will occur when positive ions are surrounded by negative ions, 
and vice versa. The attractive force will be a maximum when each ion is 
surrounded by the greatest possible number of oppositely charged ions. 
The number of ions surrounding any particular ion is called the coordina¬ 
tion number. Positive and negative ions will both have the same co¬ 
ordination number when there are equal numbers of both types of ions, 
as in NaCI. but the coordination numbers for positive and negative ions are 
different when there are different numbers of the ions, as in CaCI 2 . 



RADIUS RATIO RULES 

The structures of many ionic solids can be accounted for by considering the 
relative sizes of the positive and negative ions, and their relative numbers. 
Simple geometric calculations allow us to work out how many ions of a 
given size can be in contact with a smaller ion. Thus we can predict the 
coordination number from the relative sizes of the ions. 

When the coordination number is three in an ionic compound AX, three 
X- ions are in contact with one A* ion (Figure 3.1a). A limiting case arises 
rFioi.rp 1 lb) when the X - ions are also in contact with one another. By 

S e «... <'■«»» : »-> - <u». ™.» 

,he lower limit for a coordination number of 3. f the radius ratio .s less 
,? „ , ss Ihen , he positive ion is not in contact with the negative ions, and 

, ra«. s in thc hok. and the structure is unstable (Figure 3.1c) If the 

radius ratio is greater than 0.155 then it is possible to fit three X ions 
radius rat 8 (hc difference in the size of the two ions increases, 

theradlus ratio also increases, and at some point (when the ratio exceeds 
0 2251 . becomes possible to fit four ions round one. and so on for six ions 
™ u „d one. and eight ions round one. Coordination numbers of 3.4. 6 and 



(b) 



(c) 

Figure 3.1 Sizes of ions for 
coordination number 3. 
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Table 3.1 Limiting radius ratios and structures 

Limiting radius ratio 
r+/r 

Coordination 

number 

Shape 

<0.155 

0.155 -► 0.225 

0.225 0.414 

0.414 0.732 

0.414 -♦ 0.732 

0.732 — 0.999 

2 

3 

4 

4 

6 

8 

Linear 

Planar triangle 
Tetrahedral 

Square planar 
Octahedral 
Body-centred cubic 


8 are common, and the appropriate limiting radius ratios can be worked 

out by simple geometry, and are shown in Table 3.1. 

If the ionic radii are known, the radius ratio can be calculated and hence 
the coordination number and shape may be predicted. This simple concept 
predicts the correct structure in many cases. 

CALCULATION OF SOME LIMITING RADIUS RATIO VALUES 

This section may be skipped except by those interested in the origin of the 
limiting radius ratio values. 


Coordination number 3 (planar triangle) 

Figure 3.2a shows the smaller positive ion of radius r+ in contact with three 
larger negative ions of radius r~. Plainly AB = BC = AC = 2r , BE = r , 
BD = r* + r". Further, the angle A-B-C is 60®, and the angle D-B-E is 

30°. By trigonometry 

cos 30° = BE/BD 
BD * BE/cos 30° 

r+ + r~ = r“/cos 30° = r“/0.866 = r~ x 1.155 
r* = (1.1550 - r * 0.155r~ 
hence Or* = 0.155 

Coordination number 4 (tetrahedral) 

Figure 3.2b shows a tetrahedral arrangement inscribed in a cube. Part of 
this tetrahedral arrangement is drawn in Figure 3.2c. It can be seen that the 
angle ABC is the tetrahedral angle of 109°28' and hence the angle ABD is 

In the triangle ABD 

r~ 


half of this, that is 54°44 


sin ABD * 0.8164 = 


AD 

AB 


r+ + r~ 




Fitare 3.2 Limiting radius ratios for coordination numbers 3, 4 and 6. (a) Cross-section 
through a planar triangle site; (b) tetrahedron inscribed in a cube; (c) diagram for tetrahedral 
case; (d) cross-section through an octahedral site. 


taking reciprocals 
r + + r~ 1 

F + 0.8164 + 

rearranging 

— + 1 = 1.225 
r~ 

hence 

rVr~ = 0.225 


1.225 


Coordination number 6 (octahedral) 

A cross-section through an octahedral site is shown in Figure 3.2d, and the 
smaller positive ion (of radius r*) touches six larger negative ions (of radius 
r~). (Note that only four negative ions are shown in this section, and one is 
above and another below the plane of the paper.) It is obvious that AB = 
r + + r - an( j BD = r~. The angle ABC is 45°. In the triangle ABD 

BD r~ 

cos ABD = 0.7071 = + r - 
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taking reciprocals 




Figure 3.3 Tetrahedral and 
octahedral holes: (a) tetrahedral 
and octahedral sites in a dose- 
packed lattice; (b) tetrahedral 
site; and (c) octahedral site. 


r+ + r 


rearranging 


0.7071 


= 1.414 


-- + 1 = 1.414 
r~ 

hence 

rVr“ = 0.414 
CLOSE PACKING 

Many common crystal structures are related to, and may be described in 
terms of, hexagonal or cubic close-packed arrangements. Because of their 
shape, spheres cannot fill space completely. In a close-packed arrangement 
of spheres, 74% of the space is filled. Thus 26% of the space is unoccupied, 
and may be regarded as holes in the crystal lattice. Two different types of 
hole occur. Some are bounded by four spheres and are called tetrahedral 
holes (marked T in Figure 3.3a), and others are bounded by six spheres 
and are called octahedral holes (marked O in Figure 3.3a). For every 

Table 3.2 Some structures based on close packing 


Formula 


Type Tetrahedral Octahedral Coordination No. 
of cp AX 


NaCI 

NiAs 

ZnS zinc blende 
ZnS wurtzite 

F 2 Ca* fluorite 

Cdl 2 

CdCl 2 

p-ZnCl 2 

Hgl 2 


none 

none 


none 

none 


none 


none 

none 


none 

none 


MX 3 Bil 3 
CrCl 3 

MX 4 SnL 


none 

none 


none 


none 


MXa q-WCla and UCl^ cep non e J 6 1 

MjXj a-AI 2 0 3 corundum hep none ] 6-4 

^ arra J'8 emenI . which is exactly like cubic 
vivsc pdtKmg except tnat the ions do not touch fNntf» it . 

..most dose packed, no, the negative ions asw^^mhetexample’s) " 
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the close-packed arrangement there is one octahedral hole and two 
tetrahedral holes. The octahedral holes are larger than the tetrahedral 
holes. 

An ionic structure is composed of oppositely charged ions. If the larger 
ions are close packed, then the smaller ions may occupy either the octa¬ 
hedral holes or the tetrahedral holes depending on their size. Normally 
the type of hole occupied can be determined from the radius ratio. An ion 
occupying a tetrahedral hole has a coordination number of 4, whilst one 
occupying, an octahedral hole has a coordination number of 6. In some 
compounds the relative sizes of the ions are such that the smaller ions are 
too large to fit in the holes, and they force the larger ions out of contact 
with each other so that they are no longer close packed. Despite this, the 
relative positions of the ions remain unchanged, and it is convenient to 
retain the description in terms of close packing. 


CLASSIFICATION OF IONIC STRUCTURES 

It is convenient to divide ionic compounds into groups AX. AX 2 , AX 3 
depending on the relative numbers of positive and negative ions. 


IONIC COMPOUNDS OF THE TYPE AX (ZnS, NaCI, CsCI) 

Three structural arrangements commonly found are the 'zinc sulphide, 
sodium chloride and caesium chloride structures. 

Structures of zinc sulphide 

In zinc sulphide. ZnS. Ihe radius ratio of 0.40 suggests a tetrahedral 
arrangement. Each Zn 2 * ion is tetrahedrally surrounded by four S ions 
and each S 2 * ion is tetrahedrally surrounded by four Zn * ions. The co¬ 
ordination number of both ions is 4. so this is called a 4:4 arrangement. 
Two different forms of zinc sulphide exist, zinc blende and wurtzite (Figure 
3.4). Both are 4:4 structures. 

These two structures may be considered as close-packed arrangements 
of S 2 ' ions. Zinc blende is related to a cubic dose-packed structure whilst 
wurtzite is related to a hexagonal dose-packed structure. In both strudures 
the 7n 2+ ions occupy tetrahedral holes in the lattice.Since there are twice 
£tetrahedral holes a. .here are S" loos. I, follow, rha, ,o obl.ih a 
formula ZnS only half of the tetrahedral holes are occupied by Zn ions 
(that is every alternate tetrahedral site is unoccupied). 


Sodium chloride structure 

For sodium chloride. NaCI. the radius ratio is 0 52 and this suggests an 
octahedral arrangement. Each Na * ion is surrounded by six Cl ions at the 
corners of a regular octahedron and similarly each Cl ,on is surrounded 
by six Na + ions (Figure 3.5). The coordination is thus 6:6. This structure 



O 5 * ©»■*• 



(•» 

Figure 3.4 Structures of ZnS: (a) 
zinc blende and (b) wurtzite. 
(Reproduced with permission 
from Wells. A.F., Structural 
Inorganic Chemistry . 5th ed., 
Oxford University Presss Oxford, 
1984.) 
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Figure 3.5 Rock salt (NaCI) 
structure. (Reproduced by 
permission of Wells, A.F., 
Structural Inorganic Chemistry , 
5th ed.. Oxford University Press, 
Oxford, 1984.) 


may be regarded as a cubic close-packed array of Cl ions, with Na 4 ions 
occupying all the octahedral holes. 


Caesium chloride structure 

In caesium chloride, CsCI, the radius ratio is 0.93. This indicates a body- 
centred cubic type of arrangement, where each Cs 4 ion is surrounded by 
eight Cl“ ions, and vice versa (Figure 3.6). The coordination is thus 8:8. 
Note that this structure is not close packed, and is not strictly body-centred 
cubic. 

In a body-centred cubic arrangement, the atom at the centre of the cube 
is identical to those at the corners. This structure is found in metals, but in 
CsCI if the ions at the corners are CP then there will be a Cs 4 ion at the 
body-centred position, so it is not strictly body-centred cubic. The caesium 
chloride structure should be described as a body-centred cubic type of 
arrangement and not body-centred cubic. 



Figure 3.6 Caesium chloride 
(CsCI) structure. (Reproduced by 
permission of Wells, A.F.. 
Structural Inorganic Chemistry, 
5th ed., Oxford University Press, 
1984.) 



R|pire3.7 Fluorite (CaF 2 ) 
structure. (Reproduced by 
perfUlKsion of Wells, A.F., 
Structural Inorganic Chemistry, 
5th e<M&xford University Press, 
0> ford, 1184) 


v 

ilk 

\ 


IONIC COMPOUNDS OF THE TYPE AX 2 (CaF 2 , Ti0 2 , Si0 2 ) 

The two most common structures are fluorite, CaF 2 (Figure 3.7), and 
rutile, Ti0 2 (Figure 3.8), and many difluorides and dioxides have one of 
these structures. Another fairly common structure is one form of Si0 2 
called p-cristobalite (Figure 3.9). These are true ionic structures. Layer 
structures are formed instead if the bonding becomes appreciably covalent. 


Calcium fluoride (fluorite) structure 

In fluorite, each Ca 24 ion is surrounded by eight F~ ions, giving a body- 
centred cubic arrangement of F" round Ca 24 . Since there are twice as 
many F ions as Ca 24 ions, the coordination number of both ions is 
different, and four Ca 24 ions are tetrahedrally arranged around each F“ 
ion. The coordination numbers are therefore 8 and 4, so this is called an 

8:4 arrangement. The fluorite structure is found when the radius ratio is 
0.73 or above. 

An alternative description of the structure is that the Ca 24 ;ons form a 
face-centred cubic arrangement. The Ca 24 ions are too sn^M^ouch each 
other, so the structure is not close packed. However, tl^structure is 
related to a close-packed arrangement, since the Ca 24 occupy the same 
relative positions as for a cubic close-packed structure, and the F" ions 
occupy all the tetrahedral holes. 


Rutile structure 

Ti0 2 exists in three forms called anatase, brookite and rutile. The rutile 
structure is found in many crystals where the radius ratio is between 0.41 
and 0.73. This snggests a coordination number of 6 for one ion, and from 
the formula it follows that the coordination number of the other ion must 
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LAYER STRUCTURES 


be 3. This is a 6. ^ s *™cture. Each Ti 4 + is octahedrally surrounded by six 

ions an eac j on has three Ti 4+ ions round it in a plane tri¬ 
angular arrangement. r 

- S 001 C * OSe P ac * ed - The un * 1 ce H* i-e. the repeating 
umt °f this structure, is not a cube, since one of the axes is 30% shorter 

.. an ^ ° hi T / 1^° i! 1 lS conven ‘ ent t0 describe it as a considerably 
distorted cube (though the distortion is rather large). The structure may 

then be des ^ r, ^ d as * considerably distorted body-centred cubic lattice of 

u ^ 2 - S ' taC " T ‘ . IOn ,s surrounde d octahedrally by six O 2- ions, and 
the O are in positions of threefold coordination, that is each O 2 ' is 
surrounded by three Ti 4 * ions at the corners of an equilateral triangle. 
Three-coordination is not common in solids. There are no examples of 
three-coordination in compounds of the type AX, but there is another 
example in the compounds of type AX 2 , that is Cdl 2 , though in this case 
the shape is not an equilateral triangle. The structure of CaCl 2 is also a 6.: 3 
structure, and is similar to Cdl 2 . These are described later. 

There are only a few cases where the radius ratio is below 0.41. 
Examples include silica Si0 2 and beryllium fluoride BeF 2 . These have 
coordination numbers of 4 and 2, but radius ratio predictions are uncertain 
since they are appreciably covalent. 
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Figure 3.8 Rutile (Ti0 2 ) 
structure. 


P-cristobalite (silica) structure 

Silica Si0 2 exists in six different crystalline forms as quartz, cristobalite and 
tridymite, each with an a and p form. P-cristobalite is related to zinc 
blende, with two interpenetrating close-packed lattices, one lattice arising 
from Si occupying the S 2 " positions, and the other lattice from Si oc¬ 
cupying the Zn 2 ^ positions (i.e. the tetrahedral holes in the first lattice). 
The oxygen atoms lie midway between the Si atoms, but are shifted slightly 
off the line joining the Si atoms, so the bond angle Si—O—Si is not 180°. 
The radius ratio predicts a coordination number of 4, and this is a 4:2 
structure. 



LAYER STRUCTURES (Cdl 2 , CdCI 2 , [NiAs]) 


Figure 3.9 fl-cristobalite 
structure. 


Cadmium iodide structure 

Many AX 2 compounds are not sufficiently ionic to form the perfectly 
regular ionic structures described. Many chlorides, bromides, iodides and 
sulphides crystallize into structures which are very different from those 
described. Cadmium fluoride CdF 2 forms an ionic lattice with the CaF 2 
structure, but in marked contrast cadmium iodide Cdl 2 is much less ionic, 
and does not form the fluorite structure. The radius ratio for Cdl 2 is 0.45, 
and this indicates a coordination number of 6 for cadmium. The structure is 
made up of electrically neutral layers of Cd 2 * ions with layers of 1“ ions on 
either side - rather like a sandwich where a layer of Cd 2 * corresponds to 
the meat in the middle, and layers of F correspond to the bread on either 
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side. This is called a layer structure, and it is not a completely regular ionic 
structure. With a sandwich, bread is separated from bread by the meat, but 
in a pile of sandwiches, bread from one sandwich touches bread from the 
next sandwich. Similarly, in Cdl 2 two sheets of I ions are separated by 
Cd 2+ within a ‘sandwich’, but between one ‘sandwich and the next, two I 
layers are in contact. Whilst there is strong electrostatic bonding between 
Cd 2 * and I" layers, there are only weak van der Waals forces holding the 
adjacent layers of 1“ together. The packing of layers in the crystal structure 
is not completely regular, and the solid is flaky, and it cleaves into two 
parallel sheets quite easily. This structure is adopted by many transition 
metal diiodides (Ti, V, Mn, Fe, Co, Zn, Cd) and by some main group 
diiodides and dibromides (Mg, Ca, Ge and Pb). Many hydroxides have 
similar layer structures (Mg(OH) 2 , Ca(OH) 2 , Fe(OH) 2 , Co(OH) 2 , 
Ni(OH) 2 , and Cd(OH) 2 . 

In cadmium iodide, the third layer of I - ions is directly above the first 
layer, so the repeating pattern is ABABAB. . . The I - ions may be 
regarded as an approximately hexagonal close-packed arrangement. The 
Cd 2 * ions occupy half of the octahedral sites. Rather than half filling the 
octahedral sites in a regular way throughout the whole structure, all of the 
octahedral sites are filled between two I" layers, and none of the octa¬ 
hedral sites is filled between the next two layers of 1“ ions. All of the 
octahedral holes are filled between the next two layers of I" ions, none 
between the next pair, and so on. 



FI(W« 3.1* Part of two layers of cadmium iodide (Cdl 2 ) structure. 


a* 






^----- -' layer structures 

Cadmium chloride structure 
Cadmium chloride forim a . 

chloride ions occur annr C ^ , y rela,ed la yer structure, but in this the 
(ABCABC. . .), ^ ately in a cubic cl °se-packed arrangement 

Layer structures are intermediate in type between the extreme cases of: 

1 

2 l C 7 S ‘, al f m Wh ' Ch Smal1 discre,e mo * ecu| es are held together by weak 
residual forces such as van der Waa.s forces and hydrogen bLds 

Nickel arsenide structure 

The structure of nickel arsenide NiAs is related to the structure of Cdl, In 
NiAs (Figure 3.11), the arsenic atoms form a hexagonal close-packed type 
of lattice with nickel atoms occupying all of the octahedral sites between all 
of the layers of arsenic atoms. (In Cdl 2 all of the octahedral sites between 

half of the layers are filled, whilst with NiAs all of the octahedral sites 
between all of the layers are filled.) 

In the nickel arsenide structure each atom has six nearest neighbours of 
the other type of atom. Each arsenic atom is surrounded by six nickel 
atoms at the corners of a trigonal prism. Each nickel atom is surrounded 
octahedrally by six arsenic atoms, but with two more nickel atoms suf¬ 
ficiently close to be bonded to the original nickel atom. This structure is 
adopted by many transition elements combined with one of the heavier 
elements from the p-block (Sn, As, Sb, Bi, S, Se, Te) in various alloys. 
These are better regarded as intermetallic phases rather than true 
compounds. They are opaque, have metallic lustre, and sometimes have a 
variable composition. 

For details of other ionic structures, such as perovskite and spinels, see 
Chapter 20 and the Further Reading (Adams, Addison, Douglas McDaniel 
and Alexander, Greenwood, Wells) at the end of this chapter. 
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Figure 3. 

structure 


II Nickel arsenide 


Structures containing polyatomic ions 

There are many ionic compounds of types AX and AX 2 where A, or X, or 
both ions are replaced by complex ions. When the complex ion is roughly 
spherical, the ions often adopt one of the more symmetrical structures 
described above. Ions such as SOj", CIO 4 and NH 4 are almost spherical. 
In addition, the transition metal complex [Co(NH 3 ) 6 ]I 2 adopts the CaF 2 
(fluorite) structure. K 2 (PtCl ft ] adopts an anti-fluorite structure, which is the 
same as a fluorite structure except that the sites occupied by positive and 
negative ions are interchanged. Both ions may be complex: [Ni(H 2 0) 6 ] 
(SnCI 6 ), for example, forms a slightly distorted CsCI structure. Other ions 
(CN" and SH“) sometimes attain effective spherical symmetry by free 
rotation, or by random orientation. Examples include CsCN, TICN and 
CsSH. 
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Figure 3.12 Calcium carbide 
structure. 


Sometimes the presence of non-spherical ions simp y ,s t | iat t j, e 

Calcium carbide has a face-centred structure like Na , ex P 
linear C 2_ ions are all oriented in the same direction along one 
cell axes. This elongates the unit cell in that direction ( igur 
Similarly calcite, CaC0 3 , has a structure related to NaCI, but e p 
triangular C0 3 ~ ion distorts the unit cell along a threefol axis 
symmetry, rather than along one of the cell axes. Several diva ent meta 
carbonates, a number of nitrates, LiN0 3 and NaN0 3 , and some orates, 
ScB 0 3 , YB0 3 and InB0 3 , also have the calcite structure. 

A MORE CRITICAL LOOK AT RADIUS RATIOS 

To a first approximation, the relative numbers and sizes of the ions will 
determine the structure of the crystal. The radius ratios of the alkali metal 
halides and the alkaline earth metal oxides, sulphides, selenides and 
tellurides are shown in Table 3.3. 

All of the crystals with a radius ratio between 0.41 and 0.73 (enclosed by 
full line in Table 3.3) would be expected to have the sodium chloride 
structure. In fact all but four of the compounds listed have a sodium 
chloride structure at normal temperatures. A lot more compounds adopt 
the NaCI structure than would tt predicted. The exceptions are CsCl, 
CsBr and Csl, which have a caesium chloride structure, and MgTe, which 
has a zinc sulphide structure. RbCl and &bBr are unusual since they both 
form a NaCI structure with a coordination number of 6 when crystallized at 
normal room temperatures and pressures, but they adopt a CsCl structure 
with a coordination number of 8 if crystallized at high pressures or 
temperatures. The fact that they can form both structures indicates that the 
difference in lattice energy between the two structures is small, and hence 
there is only a small difference in stability between them. 

A CAUTIONARY WORD ON RADIUS RATIOS 

Radius ratios provide a useful guide to what is possible on geometric 
grounds, and also a first guess at the likely structure, but there are other 
factors involved. Rad,us ratios do not necessarily provide a completely 
reliable method for pred,ct,ng which structure is actually adopted. 

Table 3.3 Radius ratios of Group I halides and Group 2 oxides 


Cl" Br* 


O 2- S 2 ~ Se 2 ' Te 2 " 


Li* 

Na* 

K* 

Rb* 

cs* 


0.57 

0.77 

0.96* 

0 . 88 * 

0.80* 


0.3S 

0.46 

0.63 

0.69 

0.76 


Be 

Mg 2 * 

CV* 

Sr 2 * 

Ba 2 * 


0.51 

0.71 

0.84 

0.96 


0.39 

0.54 

0.64 

0.73 


0.36 

0.51 

0.60 

0.68 


0.33 

0.45 

0.53 

0.61 


• Indicates reciprocal value of n r + since nwTTI ! ! -- 

Smcc thc non "al ratio is greater than unity. 
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0U ? lUS f rallos * n( ^’ cale the correct structure in many cases, there 
arc a sig 1 can nun J er of exceptions where they predict the wrong 
rue ur . is ere ore worth examining the assumptions behind the 

radius ratio concept, to see if they are valid. The assumptions are: 


1. That accurate ionic radii are known. 

2. That ions behave as hard inelastic spheres. 

3. That stable arrangements are only possible if the positive and negative 

ions touch. & 


4. That ions are spherical in shape. 

5. That ions always adopt the highest possible coordination number 

6. That bonding is 100% ionic. 


Values for ionic radii cannot be measured absolutely, but are estimated. 
They are not completely accurate or reliable. Though it is possible to 
measure the interatomic distance between two different ions very ac¬ 
curately by X-ray crystallography, it is much less certain how to divide 
the distance between the two ions to obtain ionic radii. Furthermore the 
radius of an ion is not constant but changes depending on its environment. 
In particular the radius changes when the coordination number changes. 
The radii usually quoted are for a coordination number of 6, but the radius 
effectively increases 3% when the coordination number is changed from 6 
to 8, and decreases 6% when the coordination number changes from 6 to 4. 

Ions are not hard inelastic spheres. They are sometimes fitted into holes’ 
that are slightly too small, that is the ions are compressed, and the lattice 
may be distorted. 

The assumption that the ions touch is necessary to calculate the critical 
lower limit for radius ratios. In principle positive and negative ions should 
touch, so as to get the ions close together, and get the maximum electro¬ 
static attraction. (Electrostatic attraction depends on the product of the 
charges on the ions divided by the distance between them.) Theoretically 
structures where the smaller metal ion Tattles’ in its hole (that is, it does 


not touch the neighbouring negative ions) should be unstable. A more 
favourable electrostatic attraction should be obtained by adopting a 
different geometric arrangement with a smaller coordination number, so 
that the ions can get closer. It has already been shown that in the alkali 
halides and alkaline earth oxides the NaCI structure with coordination 
numbers of 6:6 is sometimes adopted when other structures are predicted 


by radius ratios. It follows that, since the smaller ion no longer fits the 
site it occupies, it must either ‘rattle’, or be compressed. 

Are. ions spherical? It is reasonable to consider ions with a noble gas 
structure as spherical. This includes the majority of the ions formed by 
elements in the main groups. There are a small number of exceptions 
where the ions have an inert pair (Ga , In Tl , Sn , Pb ,1,1 ). 


These ions do not have a centre of symmetry, and the structures they form 
usually show some distortion, with the metal ion slightly displaced off- 
centre from its expected position. Transition metal ions with partially filled 
d orbitals are not spherical, though in contrast to inert pair distortion they 
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usually have a centre of symmetry. The arrangement of electrons in t ese 
orbitals gives rise to Jahn-Teller distortion. (See Chapter 28.) A partia y 
filled d orbital pointing towards a coordinated ion will repel it. A 
completely filled d orbital will repel the ion even more. This can give rise to 
a structure with some long and some short bonds, depending on both the 
electronic structure of the metal ion, and the crystal structure adopted, i.e. 
the positions of the coordinating ions. 

It is most unlikely that bonding is ever 100% ionic. The retention of a 
NaCI structure by a number of compounds which might be expected to 
adopt a CsCI structure is largely because there is a small covalent contri¬ 
bution to the bonding. The three p orbitals are at 90° to each other, and in 
a NaCI structure they point towards the six nearest neighbours, so covalent 
overlap of orbitals is possible. The geometric arrangement of the NaCI 
structure is ideally suited to allow some covalent contribution to bonding. 
This is not so for the CsCI structure. 

Thiis radius ratios provide a rough guide to what structures are geo¬ 
metrically possible. Radius ratios often predict the correct structure, but 
they do not always predict the correct structure. Ultimately the reason why 
any particular crystal structure is formed is that it gives the most favourable 


LATTICE ENERGY 

moUl'l'roAhefryS fa Whe " ° ne * ram 


Na fg) + Cl ( ~) -► NaCI 


-i 


(crystal) U -782 kJ mol 

Lattice energies cannot be measured dirertlv 

obtained from thermodynamic data usim/ik expenmen,aI val “es are 
Chapter 6). ® Born-Haber cycle (see 

»re^ r ar;Lm ,U c e har f ges la ai,d 'h7d T Ca ' CUla,ed - The ions are 
between two ions of opposite charge is 3S: < ^ l ° n,biC) £ 


E ~ - 


Z*z~c 2 


where 


z' 

e 

r 


“•'"ASi-ssr—— - 

15 ,he '"ter-iomc distance 


' instance 

For more than two ions thp^iAot 

ions, and also on a their arranTi"^ 85 ' depends on 'he nun 
attractive energy i s: ran gement , n space. For one mol 
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LATTICE ENERGY 



— ble 3.4 Madelu ng constants 
T ype of structure A 


M 


zinc blende ZnS 
wurtzite ZnS 
sodium chloride NaCl 
caesium chloride CsCl 
rutile Ti0 2 
fluorite CaF : 
corundum Al 2 0, 


1.63806 

1.64132 

1.74756 

1.76267 

2.408 

2.51939 

4.17186 


1.63806 

1.64132 

1.74756 

1.76267 

4.816 

5.03878 

25.03116 


where 

N° * s Avogadro constant - the number of molecules in a mole - which 
has the value 6.023 x 10 23 mol~ l 

A is the Madelung constant, which depends on the geometry of the crystal 

Values for the Madelung constant have been calculated for all common 
crystal structures, by summing the contributions of all the ions in the 
crystal lattice. Some values are given in Table 3.4. (It should be noted that 
different values from these are sometimes given where the term z + z“ is 
replaced by z 2 , where z is the highest common factor in the charges on the 
ions. The Madelung constant is rewritten M = Az+z~lz 2 . This practice is 
not recommended.) 

The equation for the attractive forces between the ions gives a negative 
value for energy, that is energy is given out when a crystal is formed. The 
inter-ionic distance r occurs in the denominator of the equation. Thus the 
smaller the value of r, the greater the amount of energy evolved when the 
crystal lattice is formed, and hence the more stable the crystal will be. 
Mathematically, the equation suggests that an infinite amount of energy 
should be evolved if the distance r is zero. Plainly this is not so. When the 
inter-ionic distance becomes small enough for the ions to touch, they begin 
to repel each other. This repulsion originates from the mutual repulsion of 
the electron clouds on the two atoms or ions. The repulsive forces increase 
rapidly as r decreases. The repulsive force is given by B/r n , where B is a 


Table 3.5 Average values for the Born exponent 


Electronic structure of ion 

n 

Examples 

He 

5 

Li*. Be 2 * 

Ne 

7 

Na*. Mg 2 *, O 2 -, F~ 

Ar 

9 

K\Ca 2 +,S 2 *,Cr,Cu* 

Kr 

10 

Rb + , Br". Ag + 

Xe 

12 

Cs + , 1~, Au + 

Average values are used, e.g. 

in LiCI, 

Li + = 5, Cl~ = 9, hence for 

LiCI. n = (5 + 9)12 = 7 

. 



I 

I 
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constant that depends on the structure, and n ,s a constant cahed the Born 
exponent. For one gram molecule the total repuls.ve force ,s (N 0 fl)/r". The 
Bom exponent may be determined from compressibility measurements. 
Often chemists use a value of 9, but it is better to use values for the 

particular ions in the crystal. . , f . . _ 

The total energy holding the crystal together is U the lattice energy. This 

is the sum of the attractive and the repulsive forces. 

U = - No>4Z — + ^ (3.1) 


(A is the Madelung constant and B is a repulsion coefficient, which is a 
constant which is approximately proportional to the number of.nearest 

neighbours.) . , , , 

The equilibrium distance between ions is determined by the balance 

between the attractive and repulsion terms. At equilibrium, dUldr - 0, 


and the equilibrium distance r - r a . 

d U N„/tz + z“e 2 nH a B _ n 

~T = - 7 r" +1 

dr r 0 r Q 



Rearranging this gives an equation for the repulsion coefficient B. 



Az+z e 2 rg 1 
n 


Substituting equation (3.3) into (3.1) 

r 0 \ n) 

This equation is called the Born-Land# equation . It allows the lattice 
energy to be calculated from a knowledge of the geometry of the crystal, 
and hence the Madelung constant, the charges z + and z"\ and the inter- 
ionic distance. When using SI units, the equation takes the form: 

U = -M*'*-* 1 - l) (3-4) 

4 ne 0 r 0 \ n) 


where e c is the permittivity of free space = 8.854 x 10" l2 Fm _1 . 

This equation gives a calculated value of U = -TTSkJmor 1 f° r j e 
lattice energy for sodium chloride, which is close to the experimental va ue 
of -TTSkJmol” 1 at 25°C (obtained using the Born-Haber cycle), 
experimental and theoretical values for the alkali metal halides an^ 
the oxides and halides of the alkaline earths (excluding Be), all agre 


within 3%. 


limn -J rv • *nckii 

Other expressions, for example the Born-Mayer and K a P uSt,n ^^ 
equations, are similar, but calculate the repulsive contribution in a s *8 
different way. Agreement is even better if allowances are made for van 
Waals forces and zero point energy. 

Several important points arise from the Born-Land^ equation: 
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L_ LAT TICE ENERGY _ 

1* The ^ a ^' ce becomes stronger (i.e. the lattice energy U becomes more 

negative), as r the inter-ionic distance decreases. U is proportional 
to Mr. 

r( A) (/(kJmor 1 ) 

LiF 2.01 -1004 

Csl 3.95 -527 

2. The lattice energy depends on the product of the ionic charges, and U 
is proportional to (z+ . z~). 

r( A) (z\z~) (/(kJmor 1 ) 

LiF 2.01 1 -1004 

MgO 2.10 4 -3933 

3. The close agreement between the experimental lattice energies and 
those calculated by the Born-Lande equation for the alkali metal 
halides does not of itself prove that the equation itself, or the assump¬ 
tions on which it is based, are correct. The equation is remarkably self- 
compensating, and tends to hide errors. There are two opposing factors 
in the equation. Increasing the inter-ionic distance r reduces the lattice 
energy. It is almost impossible to change r without changing the struc¬ 
ture, and therefore changing the Madelung constant A. Increasing A 
increases the lattice energy: hence the effects of changing r and A may 
largely cancel each other. 

This may be illustrated by choosing a constant value for n in the 
Born-Lande equation. Then changes in inter-ionic distance can be cal¬ 
culated for either changes in the coordination number, or in crystal 
structure. Taking a constant value of n = 9, we may compare the inter¬ 
ionic distances with those for six-coordination: 

Coordination number 12 8 6 4 

Ratio of inter-ionic distance 1.091 1.037 1.000 0.951 

For a change of coordination number from 6 (NaCI structure) to 8 
(CsCI structure) the inter-ionic distance increases by 3.7%, and the 
Madelung constants (NaCI A = 1.74756, and CsCI/4 = 1.76267) change 
by only 0.9%. Thus a change in coordination number from 6 to 8 would 
result in a reduction in lattice energy, and in theory the NaCI structure 
should always be more stable than the CsCI stiucture. In a similar way 
reducing the coordination number from 6 to 4 decreases r by 4.9%. The 
decrease in A is 6.1% or 6.3% (depending on whether a zinc blende or 
wurtzite structure is formed), but in either case it more than com¬ 
pensates for the change in r, and in theory coordination number 6 is 
more stable than 4. 

This suggests that neither four- nor eight-coordinate structures should 
exist, since the six-coordinate NaCI structure is more stable. Since ZnS 
is known (coordination number 4), and CsCI, CsBr and Csl have a co¬ 
ordination number of 8, this suggestion is plainly incorrect. We must 
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Table 3.6 

Inter-ionic distances and ionic charges related to m.p. 

and hardness 


r(A) 

(z* . z~) 

m.p. (°C) 

Hardness 
(Mohs* scale) 

NaF 

2.310 

1 

990 

3.2 

BeO 

1.65 

4 

2530 

9.0 

MgO 

2.106 

4 

2800 

6.5 

CaO 

2.405 

4 

2580 

4.5 

SrO 

2.580 

4 

2430 

3.5 

BaO 

2.762 

4 

1923 

3.3 

TiC 

2.159 

16 

3140 

8-9 


therefore look for a mistake in the theoretical assumptions made. First 
the value of n was assumed to be 9, when it may vary from 5 to 12. 
Second, the calculation of electrostatic attraction assumes that the ions 
are point charges. Third, the assumption is made that there is no 
reduction in charge because of the interaction (i.e. the bonds are 100% 
ionic). 

4. Crystals with a high lattice energy usually melt at high tempera¬ 
tures, and are very hard. Hardness is measured on Mohs’ scale. (See 
Appendix N.) High lattice energy is favoured by a small inter-ionic 
distance, and a high charge on the ions. 


It has been seen that a number of salts which might be expected from 
radius ratio considerations to have a CsCI structure in fact adopt a NaCl 
structure. The Madelung constant for CsCI is larger than for NaCl and 
would give an increased lattice energy. However, the inter-ionic distance r 
win be larger in a CsCI type of structure than in a NaCl type of structure 
and this would decrease the lattice energy. These two factors work in 
opposite directions and partly cancel each other. This makes the lattice 
energy more favourable for a NaCl type of lattice in some cases where a 
CsCI structure is geometrically possible. Consider a case such as RbBr 
where the radius ratio is close to borderline between six-eonrHin . ' 
(NaCl structure) and eight-coordination (CsCI structure) If ,he CsCI 
structure is adopted, the Madelung constant is larger than for NaP. a 
(his increases the lattice energy by 0 86 % At the c a t,„ .• u N C ' d 
distance in a CsCI structure increaseVbv 3% andT T' ' n,er - ionic 


FEATURES OF SOLIDS 


The essential feature of crystalline solids is that the consti.„.„. . , 

atoms or ions are arranged in a completely regular ihree d"’ 0 ^ "; 
pattern. Models built to show the detailed structure of crv^n^ 1 ' 1 ’ 6 " 5 ' 0 "? 
are usually grossly misleading, for they imply a perfec! staticoa», ‘ 

the atoms or ions have a considerable degree of thermal Xation Th! 


STOICHIOMETRIC DEFECTS 
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crystalline state is far from static, and the pattern is seldom perfect. Many 
of the most useful properties of solids are related to the thermal vibrations 
of atoms, the presence of impurities and the existence of defects. 


STOICHIOMETRIC DEFECTS 


Stoichiometric compounds are those where the numbers of the different 
types of atoms or ions present are exactly in the ratios indicated by their 
chemical formulae. They obey the law of constant composition that 'the 
same chemical compound always contains the same elements in the same 
composition by weight\ At one time these were called Daltonide com¬ 
pounds, in contrast to Berthollide or nonstoichiometric compounds where 
the chemical composition of a compound was variable, not constant. 

Two types of defects may be observed in stoichiometric compounds, 
called Schottky and Frenkel defects respectively. At absolute zero, crystals 
tend to have a perfectly ordered arrangement. As the temperature in¬ 
creases, the amount of thermal vibration of ions in their lattice sites 
increases, and if the vibration of a particular ion becomes large enough, it 
may jump out of its lattice site. This constitutes a point defect. The higher 
the temperature, the greater the chance that lattice sites may be un¬ 
occupied. Since the number of defects depends on the temperature, they 
are sometimes called thermodynamic defects. 


Schottky defects 

t 

A Schottky defect consists of a pair of ‘holes' in the crystal lattice. One 
positive ion and one negative ion are absent (see Figure 3.13). This sort of 
defect occurs mainly in highly ionic compounds where the positive and 
negative ions are of a similar size, and hence the coordination number is 
high (usually 8 or 6), for example NaCI, CsCI, KCI and KBr. 

The number of Schottky defects formed per cm 1 (n s ) is given by 



0 -- 0 - 0 - 0-0 

0 - O - 0 - 0---0 

0-0"0-O-0 

Figure 3.13 Schottky defeci. 


where N is the number of sites per cm' that could be left vacant. W s is the 
work necessary to form a Schottky defect, k is the gas constant and T the 
absolute temperature. 


Frenkel defects 

A Frenkel defect consists of a vacant lattice site (a ‘hole'), and the ion 
which ideally should have occupied the site now occupies an interstitial 
position (see Figure 3.14). 

Metal ions are generally smaller than the anions. Thus it is easier to 
squeeze A* into alternative interstitial positions, and consequently it is 
more common to find the positive ions occupying interstitial positions. This 
type of defect is favoured by a large difference in size between the positive 



Figure 3.14 Frenkel defect. 
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and negative ions, and consequently the coordination number is usually 
low (4 or 6). Since small positive ions are highly polarizing and large 
negative ions are readily polarized, these compounds have some covalent 
character. This distortion of ions, and the proximity of like charges, leads 
to a high dielectric constant. Examples of this type of defect are ZnS, 
AgCI, AgBr and Agl. 

The number of Frenkel defects formed per cm 3 (rtf) is given by 

«,(-$) 

where N is the number of sites per cm 3 that could be left vacant, N is the 
number of alternative interstitial positions per cm 3 , W f is the work 
necessary to form a Frenkel defect, k is the gas constant and T the absolute 
temperature. 

The energy needed to form either a Schottky defect or a Frenkel defect 
depends on the work needed to form the defect, and on the temperature. 
In a given compound one type generally predominates. 

In NaCl, the energy to form a Schottky defect is about 200kJ mol 
compared with a lattice energy of approximately 750 kJ mol . It is 
therefore much easier to form a defect than to break the lattice. 

The number of defects formed is relatively small, and at room tempera¬ 
ture NaCl has only one defect in 10 15 lattice sites, this value rising to one in 
10 6 sites at 500°C and one in 10 4 sites at 800°C. 

A consequence of these defects is that a crystalline solid that has defects 
may conduct electricity to a small extent. Electrical conductivity in a 
chemically pure, stoichiometric semiconductor is called 'intrinsic semicon¬ 
duction'. In the above cases, intrinsic semiconduction occurs by an ionic 
mechanism. If an ion moves from its lattice site to occupy a ‘hole , it 
creates a new ‘hole*. If the process is repeated many times, a ‘hole may 
migrate across a crystal, which is equivalent to moving a charge in the 
opposite direction. (This type of semiconduction is responsible for the 
unwanted background noise produced by transistors.) 

Crystals with Frenkel defects have only one type of hole, but crystals 
containing Schottky defects have holes from both positive and negative 
ions, and conduction may arise by using either one type of hole or both 
types. Migration of the smaller ion (usually the positive ion) into the 
appropriate holes is favoured at low temperatures, since moving a small 


Table 3.7 Percentage of conduction by cations and anions 


Temp. 

CC) 

NaF 

NaCl 


NaBr 

cation % 

anion % 

cation % 

anion % 

cation 

O/ 

fo 

anion % 

400 

100 

0 

100 

0 

98 


2 

500 

100 

0 

98 

2 

94 


6 

600 

92 

8 

91 

9 

89 


11 
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I- NONSTOICHIOMETRIC defects _ 

ion requires less energy. However, migration of both types of ions in 

opposite directions (using both tvn« ln 

. , v g n *yP es of hol «) occurs at high temperatures. 

For example at temperatures below 500'“C the alkali halides conduct by 

SI cT', 6 " 1 at hi8her 'emperatures both anions and 
cations migrate. Further, the amount of anionic conduction increases with 
temperature, as shown in Table 3.7. 

i .T he d ^ S ‘ ty ° f 3 defect lattice should be different from that of a perfect 
attice. The presence of -holes’ should lower the density, but if there are 

too many holes there may be a partial collapse or distortion of the lattice - 
in which case the change in density is unpredictable. The presence of ions 
in interstitial positions may distort (expand) the lattice and increase the 
unit cell dimensions. 


NONSTOICHIOMETRIC DEFECTS 

Nonstoichiometric or Berthollide compounds exist over a range of 
chemical composition. The ratio of the number of atoms of one kind to the 
number of atoms of the other kind does not correspond exactly to the ideal 
whole number ratio implied by the formula. Such compounds do not obey 
the law of constant composition. There are many examples of these com¬ 
pounds, particularly in the oxides and sulphides of the transition elements. 
Thus in FeO, FeS or CuS the ratio of Fe: O, Fe: S or Cu: S differs from 
that indicated by the ideal chemical formula. If the ratio of atoms is not 
exactly 1:1 in the above cases, there must be either an excess of metal 
ions, or a deficiency of metal ions (e.g. Fe 0 K 4 O-Fe, )y4 O, Fe 0V S). 
Electrical neutrality is maintained either by having extra electrons in the 
structure, or changing the charge on some of the metal ions. This makes 
the structure irregular in some way, i.e. it contains defects, which are in 
addition to the normal thermodynamic defects already discussed. 

Metal excess 

This may occur in two different ways. 


F-certtres 

A negative ion may be absent from its lattice site, leaving a ‘hole’ which is 
occupied by an electron, thereby maintaining the electrical balance (see 
Figure 3.15). This is rather similar to a Schottky defect in that there are 
‘holes’ and not interstitial ions, but only one ‘hole’ is formed rather than a 
pair. This type of defect is formed by crystals which would be expected to 
form Schottky defects. When compounds such as NaCI, KCI, LiH or 6-TiO 
are heated with excess of their constituent metal vapours, or treated with 
high energy radiation, they become deficient in the negative ions, and their 
formulae may be represented by AX,_ 6 , where 6 is a small fraction. The 
nonstoichiometric form of NaCI is yellow, and the nonstoichiometric 



Figure 3.15 Metal excess defect 
because of absent anion. 
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form of KCI is blue-lilac in colour. Note the similarity with the flame 
colorations for Na and K. 

The crystal lattice has vacant anion sites, which are occupied by 
electrons. Anion sites occupied by electrons in this way are called F- 
centres. (F is an abbreviation for Farbe , the German word for colour.) 
These F-centres are associated with the colour of the compound and the 
more F-centres present, the greater the intensity of the coloration. Solids 
containing F-centrcs are paramagnetic, because the electrons occupying 
the vacant sites are unpaired. When materials with F-centres are irradiated 
with light they become photoconductors. When electrons in the F-centres 
absorb sufficient light (or heat) energy, the electron is promoted into a 
conduction band, rather similar to the conduction bands present in metals. 
Since conduction is by electrons it is n-type semiconduction. 



Figure 3.16 Metal excess defects 
caused by interstitial cations. 


Interstitial tons and electrons 

Metal excess defects also occur when an extra positive ion occupies an 
interstitial position in the lattice, and electrical neutrality is maintained by 
the inclusion of an interstitial electron (see Figure 3.16). Their composition 
may be represented by the general formula A )+6 X. 

This type of defect is rather like a Frenkel defect in that ions occupy 
interstitial positions, but there are no ‘holes’, and there are also interstitial 
electrons. This kind of metal excess defect is much more common than the 
first, and is formed in crystals which would be expected to form Frenkel 
defects (i.e. the ions are appreciably different in size, have a low co¬ 
ordination number, and have some covalent character). Examples include 
ZnO, CdO, Fe 2 Ox and Cr 2 O v 

If this type of defect oxide is heated in dioxygen, then cooled to room 
temperature, its conductivity decreases. This is because the dioxygen 
oxidizes some of the interstitial ions, and these subsequently remove 
interstitial electrons, which reduces the conductivity. 

Crystals with either type of metal excess defect contain free electrons, 
and if these migrate they conduct an electric current. Since there are only a 
small number of defects, there are only a few free electrons that can 
conduct electricity. Thus the amount of current carried is very small 
compared with that in metals, fused salts or salts in aqueous solutions, and 
these defect materials are called semiconductors. Since the mechanism is 
normal electron conduction, these are called n-type semiconductors. These 
free electrons may be excited to higher energy levels giving absorption 
spectra, and in consequence their compounds are’often coloured, e.g. 
nonstoichiometric NaCI is yellow, nonstoichiometric KCI is lilac, and ZnO 
is white when cold but yellow when hot. 


Metal deficiency 

Metal-deficient compounds may be represented by the general formula 
A|_*X. In principle metal deficiency can occur in two ways. Both require 
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variable valency of the metal, and might therefore be expected with the 
transition metals. 


Positive ions absent 

If a positive ion is absent from its lattice site, the charges can be balanced 
by an adjacent metal ion having an extra positive charge (see Figure 3.17). 
Examples of this are FeO, NiO, 6-TiO, FeS and Cul. (If an Fe 2 * is missing 
from its lattice site in FeO, then there must be two Fe w ions somewhere in 
the lattice to balance the electrical charges. Similarly if a Ni 2 ’” is missing 
from its lattice site in NiO, there must be two Ni 1 * present in the lattice.) 

Crystals with metal deficiency defects are semiconductors. Suppose the 
lattice contains A* and A 2 * metal ions. If an electron 'hops’ from an A 
ion to the positive centre (an A 2 * ion), the original A* becomes a new 
positive centre. There has been an apparent movement of A‘*. With a 
series of similar ‘hops’, an electron may be transferred in one direction 
across the structure, and at the same time the positive hole migrates in the 
opposite direction across the structure. This is called positive hole, or 
p-type semiconduction. 

If a defect oxide of this type is heated in dioxygen, its room temperature 
conductivity increases, because the dioxygen oxidizes some of the metal 
ions, and this increases the number of positive centres. 


Extra interstitial negative tons 

In principle it might be possible to have an extra negative ion in an 
interstitial position and to balance (he charges by means of an extra charge 
on an adjacent metal ion (see Figure 3.18). However, since negative ions 
are usually large, it would be difficult to fit them into interstitial positions. 
No examples of crystals containing such negative interstitial ions are 

known at present. 


SEMICONDUCTORS AND TRANSISTORS 

Semiconductors are solids where there is only a small energy a 

called a band gap. between the filled valency band of electrons and a 

conduction band If cooled to absolute zero, the eC ‘ r °and the 
lowest possible energy levels. The conduction band is emp y. and the 

material is a perfect insulator. band^nd 

thermally excited from the ' b J gc of electrons at normal 
hence they can conduct electr uty b) h P of a me|a| and an 

temperatures. The conductivity is h* , n the conduction band, 

insulator and depends on the number ^ ^ ^ mos , , m . 

Germanium and. to an even gre' us Thc crvsla | SIrucl ures 

portant commercial examples of sc • electrons in 

of both are like diamond Atomsof Gebo* ^ ^ both 
their outer shell, which form four covaicn 



Figure 3.17 Metal deficiency 
caused by missing positive ion. 



Figure 3.18 Metal deficiency 
caused by interstitial negative 
ions 
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Table 3.8 Band gaps of some semiconductors at absolute zero 


Compound 

Energy gap 
(kJ mol -1 ) 


Compound 

Energy gap 
■ (kJ mol" 1 ) 

a-Sn 

0 


GaAs 

145 

PbTe 

19 


CuiO 

212 

Te 

29 


CdS 

251 

PbS 

29 


GaP 

278 

Ge 

68 


ZnO 

328 

Si 

106 


ZnS 

376 

InP 

125 

n 

Diamond 

579 


Si and Ge at very low temperatures, the valence band is filled and the 
conduction band is empty. Under these conditions. Si and Ge are both 
insulators, and cannot carry any electric current. 

The band gaps are only 68 kJ mol -1 for Ge, and 106 kJ mol 1 for Si, and 
at room temperature a few valence electrons gain sufficient energy from 
the thermal vibration of the atoms to be promoted into the conduction 
band. If the crystal is connected in an electric circuit, these thermally 
excited electrons carry a small current, and make the Si or Ge crystal 
slightly conducting. This is termed intrinsic semiconduction. Expressed in 
another way. some bonds are broken, and these valence electrons can 
migrate, and conduct electricity. 

As the temperature is increased, the conductivity increases, that is the 
electrical resistance decreases. (This is the opposite of the situation with, 
metals.) Above I(K)°C. so many valence electrons are promoted to the 
conduction band in Ge that the crystal lattice disintegrates. With Si the 
maximum working temperature is 150°C. This intrinsic semiconduction is 
undesirable, and precautions must be taken to limit the working tempera¬ 
ture of transistors. 

Pure Si and Ge can be made semiconducting in a controlled way by 
adding impurities which act as charge carriers. Si or Ge are first obtained 
extremely pure by zone refining. Some atoms with five outer electrons, 
such as arsenic As. are deliberately added to the silicon crystal. This 
process is called ‘doping* the crystal. A minute proportion of Si atoms are 
randomly replaced by As atoms with five electrons in their outer shell. 
Only four of the outer electrons on each As atom are required to form 
bonds in the lattice. At absolute zero or low temperatures, the fifth 
electron is localized on the As atom. However, at normal temperatures, 
some of these fifth electrons on As are excited into the conduction band, 
where they can carry current quite readily. This is extrinsic conduction , and 
it increases the amount of semiconduction far above that possible by 
intrinsic conduction. Since the current is carried by excess electrons, it is 
n-type semiconduction. 

Alternatively a crystal of pure Si may be doped with some atoms with 
only three outer electrons, such as indium In. Each indium atom uses its 


Scanned by (JamScanner 




RECTIFIERS 


65 


toTom four''bond^to wrp!e l c ee .he 0ndS ‘| ' hC la,, ' Ce ' bU ‘ ?** "* U " able 
complete, and the site norma | V co ^ a ' en « s,ruc,ure °" e bond is in- 
a 'positive hole’ At ah i * occupied by the missing electron is called 

«« 

a valence electron on „ d J However, at normal temperatures 

move into the hole This form'*”' S ‘ a '° m may gain sufficiem energy to 
positive hole ™ , l a new P° sl,ive hole on the Ge atom. The 
Emn. Bv a^r , „ haVe moved ln *he opposite direction to the 
crystal This is ,>,,,, 1 ^ ? ^° PS ’ the P osi, ' ve hole' can migrate across the 
and thus currenMs 3 ^ ? o° V '" 8 30 elec,ron in ,h e opposite direction. 

St ve centres ,h S '" Ce CUrrCn ‘ is Carried by ,he of 

post tve centres, this is p-type semiconduction. 

, 0 ?'“" Ul, [ a ' h ‘ gh ' y P urified before i» be used in semiconduc- 

carbon in an *7*, *•' T" (98% pure) ls ob,ained b y reducing Si0 2 with 
carbon in an electric furnace at about 1900“C. This may be purified by 

reacting with HCI. forming trichlorosilane SiHCl,. which may be distilled 

to purity it, then decomposed by heating to give pure silicon 


SiO : + C Si + C0 2 

Si + 3HCI^^> H 2 + SiHCI^- fon8 Si 

The final purification is by zone refining, where a rod of silicon is melted 
near one end by an electric furnace. As the furnace is slowly moved along 
the rod, the narrow molten zone gradually moves to the other end of the 
rod. The impurities are more soluble in the liquid melt than in the solid, so 
they concentrate in the molten zone. and eventually move to the end of the 
The impure end is removed, leaving an ultra-purified rod, with a 
purity of at least 1 part in 10 ,w . Purified silicon (or germanium) crystals can 
be converted to p-type or /i-type semiconductors by high temperature 
diffusion of the appropriate dopant element, up to a concentration of 
I part in 10*. In principle any of the Group III elements boron, aluminium, 
gallium or indium can be used to make p-type semiconductors, though 
indium is the most used because of its low melting point. Similarly Group 
V elements such as phosphorus or arsenic can be used to make /i-type 
semiconductors, but because of its low melting point arsenic is most used. 

If a single crystal is doped with indium at one end, and with arsenic at the 
other end, then one part is a p-type semiconductor and the other an n-type 
semiconductor. In the middle there will be a boundary region where the 
two sides meet, which is a p-/i junction Such junctions are the important 
part of modern semiconductor devices. 


rectifiers 

A rectifier will only allow current from an outside source to flow through it 
in one direction. This is invaluable in converting alternating current AC 
into direct current DC. and it is common to use a square of four diodes in a 


i 1 i 
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(Ge) Germanium nucleus 
+ 28 electrons 
• Valence electron 
— Covalent bond 
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Figure 3.19 (a) Pure germanium, 
(b) n-type germanium, (c)p-type 
germanium 
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A diode 
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electrons 

conducts 



-'I- 

does not conduct 


Figure 3.20 An n-p junction as a 
rectifier. 


circuit to do this. A diode is simply a transistor with two zones, one p-type. 
and the other n-type, with a p-n junction in between. 

Suppose that a positive voltage is applied to the p-type region, and a 
negative (or more negative) voltage applied to the n-type region. In the 
p-type region, positive holes will migrate towards the p-n junction. In the 
n-type region, electrons will migrate towards the junction. At the junction, 
the two destroy each other. Expressed in another way. at the junction the 
migrating electrons from the n-type region move into the vacant holes in 
the valence band of the p-type region. The migration of electrons and holes 
can continue indefinitely, and a current will flow for as long as the external 

voltage is applied. 

Consider what will happen if the voltages are reversed, so the p-type 
region is negative, and the n-type region positive. In the p-type region, 
positive holes migrate away from the junction, and in the n-type region 
electrons migrate away from the junction. At the junction there are neither 
positive holes nor electrons, so no current can flow. 


PHOTOVOLTAIC CELL 

If a p-n junction is irradiated with light, provided that the energy of the 
light photons exceeds the band gap. then some bonds will break, giving 
electrons and positive holes, and these electrons are promoted from the 
valence band to the conduction band. The extra electrons in the conduc¬ 
tion band make the n-type region more negative, whilst in the p-type 
region the electrons are trapped by some positive holes. If the two regions 
are connected in an external circuit, then electrons can flow from the 
n-type region to the p-type region, that is current flows from the p-type to 
the n-type region. Such a device acts as a battery that can generate 
electricity from light. Efforts are being made to make efficient cells of this 
type to harness solar energy. 


TRANSISTORS 

Transistors are typically single crystals of silicon which have been doped to 
give three zones. In Britain p-n-p transistors are mainly used, whilst in the 
USA n-p-n transistors are most widely used. Both types have many uses, 
for example as amplifiers and oscillators in radio, TV and hi-fi circuits and 
in computers. They are also used as phototransistors, tunnel diodes, solar 
cells, thermistors, and in the detection of ionizing radiation. 

Different voltages must be applied to the three regions of a transistor to 
make it work. Typical bias potentials for a p-n-p transistor are shown in 
Figure 3.21. The base is typically -0.2 volts and the collector is typically 
— 2.0 volts with respect to the emitter. The charge carriers in the emitter 
are positive holes, and these migrate from the emitter at 0 volts to the base 
at -0.2 volts. The positive holes cross the emitter/base p-n junction, and in 
the rt-type base region some positive holes combine with electrons and are 
destroyed. There is a flow of electrons in the reverse direction, from the 


Scanned by CamScanner 







TRANSISTORS 





-0.2 V 

Figure 3.21 tt-p-n and p-n-p transistors. 


base to the emitter. There is thus a small base current. However, the base 
is very thin, and the collector has a much greater negative voltage, so most 
of the positive holes pass through the base to the collector, where they 
combine with electrons from the circuit. At the emitter, electrons leave the 
p-type semiconductor and enter the circuit, and in doing so they produce 
more positive holes. Typically, if the emitter curient is 1 mA, the base 
current is 0.02 mA, and the collector current 0.98 mA. 

The most common method of using a transistor as an amplifier is the 
common or grounded emitter circuit (Figure 3.22a). The emitter is 
common to both the base and collector circuits, and is sometimes grounded 
(earthed). The base current is the input signal, and the collector current is 
the output signal. If the base current is reduced, for example by increasing 
R,, the base becomes positively charged, and this reduces the movement of 
positive holes to the collector. In a typical transistor, a change in the base 
current can produce a change 50 times as great in the collector current, 
giving a current amplification factor of 50. A small change in input current 
to the base produces a much larger change in the collector current, so the 

original signal is amplified. 

In practice the bias for both the base and the collector are often obtained 
from one battery by having the resistance of R, much greater than that of 

R 2 (Figure 3.22b). 
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Finally n-p-n transistors work in a similar way, except that the polarity 
of the bias voltages is reversed, so the collector and base are positive with 
respect to the emitter. 


MICRO-MINATURIZED SEMICONDUCTOR DEVICES 
INTEGRATED CIRCUITS 

It is now possible to manufacture computer chips with the equivalent of 
many thousands of single crystal transistor junctions on a small wafer of 
silicon, only a few millimetres square. (Memory chips for computers are 
readily available which store 64K, 256K, 1 megabyte and even 4 megabytes 

of data on a single chip.) 

The steps in the manufacture of such chips is: 

1. A fairly large single crystal of Si is doped to make it an /i-type semi¬ 
conductor, and then it is carefully cut into thin slices. 

2. A slice is heated in air to form a thin surface layer of Si0 2 . 

3. The oxide layer is then coated with a photosensitive film, sometimes 
called a photoresist. 

4. A mask is placed over the photoresist, and the slice is exposed to UV 
light. Those parts of the photoresist exposed to light are changed, and 
are removed by treatment with acid, but the unexposed parts remain 
protected by the photoresist. 

5. The slice is then treated with HF, which etches (removes) the exposed 
areas of Si0 2 . After this, the unchanged photoresist is removed. 

6. The surface is exposed to the vapour of a Group 13 element. Some of 
the surface is covered by a film of Si0 2 , and some has exposed silicon. 
The parts covered by a Si0 2 film are unaffected, but in the parts where 
the silicon itself is exposed, some Si atoms are randomly replaced, 
forming a layer of p -type semiconductor. 

7. The steps (2) to (5) are repeated using a different mask, and the exposed 
areas of Si exposed to the vapour of a Group 15 element, to produce 
another layer of n-type semiconductor. 

8. Steps (2) to (5) are repeated using a mask to produce the openings 
into which metal can be deposited to ‘wire together’ the various semi¬ 
conductors so produced into an integrated circuit. 

9. Finally the chip is packaged in plastic or ceramic, connecting pins are 
soldered on so ihat it may be plugged in to a socket on a circuit board, 
and the chip is tested. A significant number turn out to be faulty. Faulty 
chips cannot be repaired, and are discarded. 
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PROBLEMS 

1. Relate the tendency of atoms to gain or lose electrons to the types of 
bonds they form. 

2. Indicate to what extent the following will conduct electricity, and give 
the mechanism of conduction in each case. 

(a) NaCI (fused) 

(b) NaCI (aqueous solution) 

(c) NaCI (solid) 

(d) Cu (solid) 

(e) CCI 4 (liquid). 

1 whv are ionic compounds usually high melting, whilst most simple 
covalent compound^ have low melting points? Explain the high 
melting point of diamond. 
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4 How arc the minimum values of radius ratio arrived at for various 
coordination numbers, and what are these limits? Give examples of 
the types of crystal structure associated with each coordination 

number. 


5. Show by means of a diagram, and a simple calculation, the minimum 
value of the radius ratio r*fr~ which permits a salt to adopt a caesium 
chloride type of structure. 


6. Give the coordination numbers of the ions and describe the crystal 
structures of zinc blende, wurtzite and sodium chloride in terms of 
close packing and the occupancy of tetrahedral and octahedral holes. 

7. CsCI, Csl, TICI and Til all adopt a caesium chloride structure. The 
inter-ionic distances are: Cs-CI 3.06A, Cs-I 3.41 A. TI-CI 2.55 A 
and Tl-I 2.90A. Assuming that the ions behave as hard spheres and 
that the radius ratio in Til has the limiting value, calculate the ionic 
radii for Cs + , Th*, Cl“, I" in eight-coordination. 

8. Write down the Born-Lande equation and define the terms in it. Use 
the equation to show why some crystals, which according to the radius 
ratio concept should adopt a coordination number of 8, in fact have a 

coordination number of 6. 


9. 


10 . 


Outline a Born-Haber cycle for the formation of an ionic compound 
MCI. Define the terms used and state how these might be measured or 
calculated. How do these enthalpy terms vary throughout the periodic 
table? Use these variations to suggest how the properties of Na 
might differ from those of CuCI. 

Explain the term lattice energy as applied to an ionic solid. Calculate 
the lattice energy of caesium chloride using the following data. 


11 . 


Cs(s) — Cs(g) 

Cs(g) - Cs*(g) 

Cl 2 (g) - 2CI(g) 

Cl(g) + e - cr(g) 
Cs(s) + JCI 2 - CsCI(s) 


AW = +79.9 kJ mol' 
AW = +374.05 kJ mol' 1 
AW = +241.84 kJ mol -1 
AW = -397.90 kJ mol" 1 
AW = -623.00kJ mol' 1 


(a) Draw the structures of CsCI and Ti0 2 . showing clearly the 
coordination of the cations and anions, (b) Show how the Born 
Haber cycle may be used to estimate the enthalpy of the hypo- 

thetical reaction: 


Ca(s) + 4CI : (g) - CaCI(s) 

Explain why CaCI(s) has never been made even though the 
enthalpy for this reaction is negative. 

12. The standard enthalpy changes 4W" at 298 K for the reaction: 

MCI : (s) + <CI 2 (g) - MCI,(s) 
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arc given for the first row transition metals: 

Sc Ti V Cr Mn Fe Co Ni Cu 
A/V'VkJ mol -1 -339 -209 -138 -160 +22 -59 +131 +280 +357 

Use a Born-Haber cycle to account for the change in as the 
atomic number of the metal increases. Comment on the relative 
stabilities of the +11 and +III oxidation states of the 3 d metals. 

13. List the types of defect that occur in the solid state and give an example 
of each. Explain in each case if any electrical conduction is possible 
and by what mechanism. 






The covalent bond 


INTRODUCTION 

There are several different theories which explain the electronic structures 
and shapes of known molecules, and attempt to predict the shape of 
molecules whose structures are so far unknown. Each theory has its own 
virtues and shortcomings. None is rigorous. Theories change in the light of 
new knowledge and fashion. If we knew or could prove what a bond was, 
we would not need theories, which by definition cannot be proved. The 
value of a theory lies more in its usefulness than in its truth. Being able to 
predict the shape of a molecule is important. In many cases all the theories 

give the correct answer. 

THE LEWIS THEORY 
The octet rule 

The Lewis theory was the first explanation of a covalent bond in terms of 
electrons that was generally accepted. If two electrons are shared between 
two atoms, this constitutes a bond and binds the atoms together. For many 
light atoms a stable arrangement is attained when the atom is surrounded 
by eight electrons. This octet can be made up from some electrons which 
are ‘totally owned’ and some electrons which are ‘shared’. Thus atoms 
continue to form bonds until they have made up an octet of electrons. This 
is called the ‘octet rule’. The rctet rule explains the observed valencies in a 
large number of cases. There are exceptions to the octet rule; for example, 
hydrogen is stable with only two electrons. Other exceptions are discussed 
later. A chlorine atom has seven electrons in its outer shell, so by sharing 
one electron with another chlorine atom both atoms attain an octet and 
form a chlorine molecule Cl 2 . 

.. .. • • • • 

: Cl . • Cl : — : Cl : Cl : 

. . 

A carbon atom has four electrons in its outer shell, and by sharing all 
four electrons and forming four bonds it attains octet status in CCI 4 . 
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' c • + 4 


• Cl : 


Cl 

• • 

Cl : c : Cl 
• • 

Cl 


il shares'7hrce of ^hese''fofmine^h 1 elec,rons - and in NH ’ 

Hydrogen has only one elecZ 6 nd h ^ ^ ,h “ S a " aining a " 
ment of two electrons. ’ by shann 8 11 atla,ns a stable arrange- 


• N • + 3 


H 


H : N : H 


H 


In a similar way an atom of oxygen attains an octet 

electrons in H 2 0 and an atom of fluorine attains an octet 
electron in HF. 


by sharing two 
by sharing one 


H : O 


H 


H 

Double bonds are explained by sharing four electrons between two 
atoms, and triple bonds by sharing six electrons. 


• C • + 2 






Exceptions to the octet rule 

The octet rule is broken in a significant number of cases: 

1. For example, for atoms such as Be and B which have less than four 
outer electrons. Even if all the outer electrons are used to form bonds 
an octet cannot be attained. 


• Be • + 2 




: Be 




• B + 3 



: F : B 



2 The octet rule is also broken where atoms have an extra energy level 
' wLThTin energy to the , level, and may accept electrons and be 
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used for bonding. PF 3 obeys the octet rule, but PF 5 does not. PF 5 has 
ten outer electrons, and uses one 35, three 3 p and one 3 d orbitals. Any 
compound with more than four covalent bonds must break the octet 
rule, and these violations become increasingly common in elements 
after the first two periods of eight elements in the periodic table. 

3. The octet rule does not work in molecules which have an odd number 
of electrons, such as NO and CIO 2 , nor does it explain why O 2 is para¬ 
magnetic and has two unpaired electrons. 

Despite these exceptions, the octet rule is surprisingly reliable and did a 
great deal to explain the number of bonds formed in simple cases. How¬ 
ever, it gives no indication of the shape adopted by the molecule. 


1 


r 


SIDGWICK- POWELL THEORY 

In 1940 Sidgwick and Powell (see Further Reading) reviewed the struc¬ 
tures of molecules then known. They suggested that for molecules and 
ions that only contain single bonds, the approximate shape can be pre¬ 
dicted from the number of electron pairs in the outer or valence shell ot 
the central atom. The outer shell contains one or more bond pairs ot 
electrons, but it may also contain unshared pairs of electrons (lone pairs). 
Bond pairs and lone pairs were taken as equivalent, since all electron pairs 
take up some space, and since all electron pairs repel each other. Repul¬ 
sion is minimized if the electron pairs are orientated in space as far apart a 

possible. 

1 If there are two pairs of electrons in the valence shell of the central 
atom, the orbitals containing them will be oriented at 180° to each 
other. It follows that if these orbitals overlap with orbitals from other 
atoms to form bonds, then the molecule formed will be linear 

2. If there are three electron pairs on the central atom, they will be at 

120 ° to each other, giving a plane triangular structure. . 

3 . For four electron pairs the angle is 109°28\ and the shape is tetrahedral. 

4. For five pairs, the shape is a trigonal bipyramid. 

5 For six pairs the angles are 90° and the shape is octahedral. 


VALENCE SHELL ELECTRON PAIR REPULSION (VSEPR) 

THEORY 

In 1957 Gillespie and Nyholm (see Further Reading) improved the Sidg- 
wick-Powell theory to predict and explain molecular shapes and bond 
angles more exactly. The theory was developed extensively by Gillespie as 
the Valence Shell Electron Pair Repulsion (VSEPR) theory. This may be 

summarized: 

1 . The shape of the molecule is determined by repulsions between all of 
the electron pairs present in the valence shell. (This is the same as th 
Sidgwick-Powell theory.) 
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Table 4.1 Molecular shapes predicted by Sidgwick- 

-Powell theory 


Number of electron 
pairs in outer shell 

Shape of molecule 

Bond angles 

2 

linear 


180° 

3 

plane triangle 

A 

120° 

4 

tetrahedron 

4 > 

109°28' 

5 

trigonal bipyramid 

■^ 

120° and 90° 

6 

octahedron 

4? 

t 

90° 

7 

pentagonal bipyramid 

l 

72° and 90° 



2. A lone pair of electrons takes up more space round the central atom 
than a bond pair, since the lone pair is attracted to one nucleus whilst 
the bond pair is shared by two nuclei. It follows that repulsion between 
two lone pairs is greater than repulsion between a lone pair and a bond 
pair, which in turn is greater than the repulsion between two bond 
pairs. Thus the presence of lone pairs on the central atom causes slight 
distortion of the bond angles from the ideal shape. If the angle between 
a lone pair, the central atom and a bond pair is increased, it follows that 
the actual bond angles between the atoms must be decreased. 

3. The magnitude of repulsions between bonding pairs of electrons de¬ 
pends on the electronegativity difference between the central atom and 
the other atoms. 

4. Double bonds cause more repulsion than single bonds, and triple bonds 
cause more repulsion than a double bond. 


Effect of lone pairs 

Molecules with four electron pairs in their outer shell are based on a 
tetrahedron. In CH 4 there are four bonding pairs of electrons in the outer 
shell of the C atom, and the structure is a regular tetrahedron with bond 
angles H—C—H of 109°28\ In NH 3 the N atom has four electron pairs in 
the outer shell, made up of three bond pairs and one lone pair. Because of 
the lone pair, the bond angle H—N—H is reduced from the theoretical 
tetrahedral angle of 109°28' to 107°48\ In H 2 0 the O atom has four 
electron pairs in the outer shell. The shape of the H 2 0 molecule is based 
on a tetrahedron with two corners occupied by bond pairs and the other 
two corners occupied by lone pairs. The presence of two lone pairs reduces 
the bond angle further to 104°27\ 

In a similar way SF 6 has six bond pairs in the outer shell and is a regular 
octahedron with bond angles of exactly 90°. In BrF s the Br also has six 
outer pairs of electrons, made up of five bond pairs and one lone pair. The 
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lone pair reduces the bond angles to 84°30\ Whilst it might be expected 
that two lone pairs would distort the bond angles in an octahedron still 
further, in XeF 4 the angles are 90°. This is because the lone pairs are trans 
to each other in the octahedron, and hence the atoms have a regular 
square planar arrangement. 

Molecules with five pairs of electrons are all based on a trigonal bipy¬ 
ramid. Lone pairs distort the structures as before. The lone pairs always 
occupy the equatorial positions (in the triangle), rather than the apical 
positions (up and down). Thus in the IJ ion the central I atom has five 
electron pairs in the outer shell, made of two bond pairs and three lone 
pairs. The lone pairs occupy all three equatorial positions and the three 
atoms occupy the top, middle, and bottom positions in the trigonal bipy¬ 
ramid, thus giving a linear arrangement with a bond angle of exactly 180° 
(Table 4.2). 


Effect of electronegativity 

NFi and NH 3 both have structures based on a tetrahedron with one corner 
occupied by a lone pair. The high electronegativity of F pulls the bonding 
electrons further away from N than in NHj. Thus repulsion between 
bond pairs is less in NFj than in NH,. Hence the lone pair in NF, causes 
a greater distortion from tetrahedral and gives a F—N—F bond angle of 
102°30', compared with 107°48' in NH 3 . The same effect is found in H 2 0 
(bond angle 104°27’) and F 2 0 (bond angle 102°). 



Scanned by (JamScanner 



SOME EXAMPLES USING THE VSEPR THEORY 



Isoclcctronic principle 

Isoelectronic species usually have the same structure. This may be ex¬ 
tended to species with the same number of valence electrons. Thus BF.j\ 
CH 4 and NH 4 are all tetrahedral, CO*~, NO* and SO* are all planar 
triangles, and CO,. and NO, + are all linear. 


SOME EXAMPLES USING THE VSEPR THEORY 


BF* and the [BF 4 ] ion 


Consider BF* first. The VSEPR theory only requires the number of 
electron pairs in the outer shell of the central atom. Since B is in Group 
13 it has thiee electrons in the outer shell. (Alternatively the electronic 
structure of B (the central atom), is 1 s 2 2s 2 2p\ so there are three electrons 
in the outer valence shell.) If all three outer electrons are used to form 
bonds to three F atoms, the outer shell then has a share in six electrons, 
that is three electron pairs. Thus the structure is a planar triangle. Though 
this gives the correct shape, its bonds are actually shorter than would be 
expected for single bonds, and the reason for this is discussed under 
Trihalides' in Chapter 12. 

The [BF 4 ]~ ion may be regarded as being formed by adding a F" ion to 
a BF, molecule by means of a coordinate bond. Thus the B atom now 
has three electron pairs from the BF* plus one electron pair from the F“ 
There are therefore four electron pairs in the outer shell: hence the BF 4 
ion has a tetrahedral structure. 

Ammonia NH 3 

N is the central atom. It is in Group 15 and has five electrons in the outer 
valence shell. (The electronic structure of N is lr 2 s 2 2p\) Three of these 
electrons are used to form bonds to three H atoms, and two electrons take 
no part in bonding and constitute a ‘lone pair*. The outer shell then has a 
share in eight electrons, that is three bond pairs of electrons and one lone 
pair. Four electron pairs give rise to a tetrahedral structure and in this 
case three positions are occupied by H atoms and the fourth position is 
occupied by the lone pair (Figure 4.1). The shape of NH* may either be 
described as tetrahedral with one corner occupied by a lone pair, or 
alternatively as pyramidal. The presence of the lone pair causes slight 
distortion from 109°28' to 107°48\ g 

Water H 2 0 

O is the central atom. It is in Group 16 and hence has six outer electrons 
(The electronic structure of O is Is 2 2s 2 2p\) Two of these electrons form 
bonds with two H atoms, thus completing the octet. The other four outer 
c ectrons on O are non-bonding. Thus in H 2 0 the O atom has eight outer 
electrons (four electron pairs) so the structure is based on a tetrahedron 
* nere are two bond pairs and two lone pairs. The structure is described as 
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tetrahedral with two positions occupied by lone pairs. The two lone pairs 
distort the bond angle front 109 ° 28 ' to 104°27' (Figure 4.2). 

Any triatomic molecule must be either linear with a bond angle of 180°, 
or else angular, that is bent. In H 2 0 the molecule is based on a tetrahe- 
dron, and is therefore bent. 


'Cl 



Figure 4.3 Structure of PCU 
molecule. 


Phosphorus pentachloride PCI 5 

Gaseous PCU is covalent. P (the central atom) is in Group 15 and so has 
five electrons in the outer shell. (The electronic structure of P is 1 s 2 2 s 2 2 p b 
3s 2 3p\) All five outer electrons are used to form bonds to the five Cl 
atoms. In the PCI 3 molecule the valence shell of the P atom contains five 
electron pairs: hence the structure is a trigonal bipyramid. There are no 
lone pairs, so the structure is not distorted. However, a trigonal bipyramid 
is not a completely regular structure, since some bond angles are 90° and 
others 120°. Symmetrical structures are usually more stable than asymme¬ 
trical ones. Thus PCU is highly reactive, and in the solid state it splits into 
[PCU]^ and [PCU]~ ions, which have tetrahedral and octahedral struc¬ 
tures respectively. 


Chlorine trifluoride C1F 3 

The chlorine atom is at the centre of the molecule and determines its 
shape. Cl is in Group 17 and so has seven outer electrons. (The electronic 
structure of Cl is Is 2 2j 2 2p 6 3s 2 3 p\) Three electrons form bonds to F, and 
four electrons do not take part in bonding. Thus in CIF 3 the Cl atom has 
five electron pairs in the outer shell: hence the structure is a tngonal 
bipyramid. There are three bond pairs and two lone pairs. 

It was noted previously that a trigonal bipyramid is not a regular shape 
since the bond angles are not all the same. It therefore follows that the 
corners are not equivalent. Lone pairs occupy two of the corners, and F 
atoms occupy the other three corners. Three different arrangements are 
theoretically possible, as shown in Figure 4.4. 

The most stable structure will be the one of lowest energy, that is the 
one with the minimum repulsion between the five orbitals. The greatest 
repulsion occurs between two lone pairs. Lone pair-bond pair repulsions 
are next strongest, and bond pair-bond pair repulsions the weakest. 



Figure 4.4 Chlorine trifluoride molecule. 



F 


(3) 
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Groups at 90 to each other repel each other strongly, whilst groups 120° 
apart repel each other much less. 

Structure 1 is the most symmetrical, but has six 90° repulsions between 
-lone pairs and and atoms. Structure 2 has one 90° repulsion between two 
lone pairs, plus three 90° repulsions between lone pairs and atoms. Struc¬ 
ture 3 has four 90 repulsions between lone pairs and atoms. These factors 
indicate that structure 3 is the most probable. The observed bond angles 
are 87°40', which is close to the theoretical 90°. This confirms that the 
correct structure is (3), and the slight distortion from 90° is caused by the 
presence of the two lone pairs. 

As a general rule, if lone pairs occur in a trigonal bipyramid they will 
be located in the equatorial positions (round the middle) rather than 
the apical positions (top and bottom), since this arrangement minimizes 
repulsive forces. 


Sulphur tetrafluoride SF 4 

S is in Group 16 and thus has six outer electrons. (The electronic con¬ 
figuration of S is 1 j 2 Is 2 2p b 3 s 2 3p 4 .) Four outer electrons are used to form 
bonds with the F atoms, and two electrons are non-bonding. Thus ii* SF 4 
the S has five electron pairs in the outer shell: hence the structure is based 
on a trigonal bipyramid. There are four bond pairs and one lone pair. To 
minimize the repulsive forces the lone pair occupies an equatorial position, 
and F atoms are located at the other four corners, as shown in Figure 4.5. 



...... _ Figure 4.5 Sulphur tetrafluoride 

The triiodide ion I) molecule 

If iodine is dissolved in aqueous potassium iodide, the triiodide ion I* is 
formed. This is an example of a polyhalide ion, which is similar in structure 
to BrlCI* (see Chapter 15). The I 3 ion (Figure 4.6) has three atoms, and 
must be either linear or angular in shape. It is convenient to consider the 
structure in a series of stages - first an I atom, then an I 2 molecule, and 
then the K ion made up of an I 2 molecule with an 1 “ bonded to it by means 
of a coordinate bond. 

1 2 + r -> [i—1—i] - 

Iodine is in Group 17 and so has seven outer electrons. (The electronic 
configuration of I is l.r 2 s 2 2p u 3 s 2 3 /? 6 3 d w 4 s~ 4 p b 4 d w 5 s~ 5p\) One of the 
outer electrons is used to bond with another I atom, thus forming an I 2 

molecule. The I atoms now have a share in eight electrons. One of the 1 Figure 4.6 The triiodide ion. 
atoms in the I 2 molecule accepts a lone pair from an I~ ion, thus forming 
an I 3 ion. The outer shell of the central I atom now contains ten electrons, 
that is five electron pairs. Thus the shape is based on a trigonal bipyramid. 

There are two bond pairs and three lone pairs. To minimize the repulsive 
forces the three loie pairs occupy the equatorial positions, and I atoms are 
located at the centre and in the two apical positions. The ion is therefore 
linear in shape, with a bond angle of exactly 180°. 
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VALENCE BOND THEORY 

This theory was proposed by Linus Pauling, who was awarded the Nobel 
Prize for Chemistry in 1954. The theory was very widely used in the period 
1940-1960. Since then it has to some extent fallen out of fashion. How¬ 
ever, it is still much used by organic chemists, and it provides a basis for 

simnle description of small inorganic molecules. 

Atoms with unpaired electrons tend to combine with other atoms which 
also have unpaired electrons. In this way the unpaired electrons are paired 
ud and the atoms involved all attain a stable electronic arrangement. This 
isUsually a full shell of electrons (i.e. a noble gas configuration), Two 
electrons shared between two atoms constitute a bond. The number of 
bonds formed by an atom is usually the same as the number of unpaired 
electrons in the ground state, i.e. the lowest energy state. However, in 
some cases the atom may form more bonds than this. This occurs by exci¬ 
tation of the atom (i.e. providing it with energy) when electrons which 
were paired in the ground state are unpaired and promoted into suitable 
empty orbitals. This increases the number of unpaired electrons, and 
hence the number of bonds which can be formed. 

The shape of the molecule is determined primarily by the directions in 
which the orbitals point. Electrons in the valence shell of the original atom 
which are paired are called lone pairs. 

A covalent bond results from the pairing of electrons (one from each 
atom). The spins of the two electrons must be opposite (antiparallel) 
because of the Pauli exclusion principle that no two electrons in one atom 
can have all four quantum numbers the same. 

Consider the formation of a few simple molecules. 


1. In HF, H has a singly occupied s orbital that overlaps with a singly 
filled 2 p orbital on F. 

2. In H z O, the O atom has two singly filled 2 p orbitals, each of which 
overlaps with a singly occupied s orbital from two H atoms. 


II It7l 


vjua 


k jy \ja 


V->V-rCll 



1 ..—-_,_val ence bond the ory 

3. In NHa, there arc three sinuix, • , 

with j orbitals from three H atoms P ° rb ' ta * °" N Wh ' Ch ° Ver ' ap 

4 ' !"/* V S,a,e has ,he elec,ronic ^"figuration 

unpaired, giving \s\ 2s l 2»' 2d 1 ? | d ’ the 2,5 e,ectrons ma Y ^ 

ove "*" *“ :r sszt 


Electronic structure of 
cartoon atom - ground 
state 

Carbon atom - 
excited state 

Carbon atom having gained 
four electrons from H 
atoms in CH 4 molecule 


2s • 2 p 

,_, 2p - 2p, 2p, 

0 0 K | 

2 s 2 p 

0 f f U It 
0 fululu 


The shape of the CH 4 molecule is not immediately apparent The 
three p orbitals p xs p v and p z are mutually at right angles to each nrhpr 

? nd ^ e ; orb ‘ tal « spherically symmetrical. If the p orbitals were used 
for bonding then the bond angle in water should be 90°. and the bond 

be 900 The bond ang,es a “ ual ‘> 

CH 4 H—C—H = 109^8' 

NH, H—N—H = 107°48' 

H : 0 H—O—H = 104°27' 


Hybridization 

The chemical and physical evidence indicates that in methane CH, there 
are four equivalent bonds..If they are equivalent, then repulsion between 
electron pairs will be a minimum if the four orbitals point to the corners of 
a tetrahedron, which would give the observed bond angle of 109»28' 

Each electron can be described by its wave function tii. If the wave 
functions of the four outer atomic orbitals of C are uu u, 
then the tetrahedrally distributed orbitals will haw wave fumions^’ 
made up from a linear combination of these four atomic wave function'/. 

MV = + r 2^2p % + C^ 2p + c 4 V 2p 

c!ald U c r differen ‘ COmbina,i ° nS Wi ' h differem lighting constants 

HVm = + }qv 

MhplJ) = - }qp 2( , - Atp2« 
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WO) = 2^2, - 

Vv-V) = h 1 * - iV>v. - k>2p. + k:p. 

Combining or mixing the wave functions for the atomic orbitals in this way 
is called hybridization. Mixing one s and three p orbitals in this way gives 
four sp* hybrid orbitals. The shape of an sp* orbital is shown in Figure 4.8. 
Since one lobe is enlarged, it can overlap more effectively than an s orbital 
or a p orbital on its own. Thus sp* hybrid orbitals form stronger bonds than 
the original atomic orbitals. (See Table 4.3.) 



2s 

Atomic orbital 




2p* sp 3 

Atomic orbital Hybrid orbital 

Figure 4.8 Combination of s and p atomic orbitals to give an sp' hybrid orbital: 
(a) 2s atomic orbital, (b) 2 p\ atomic orbital and (c) sp' hybrid orbital. 


Table 4.3 Approximate strengths of bonds 

formed bv various orbitals 

# 


Orbital 

Relative bond strength 

5 

1.0 

P 

1.73 

S P , 

1.93 

*P\ 

1.99 

SP 

2.00 


It is possible to mix other combinations of atomic orbitals in a similar 
way. The structure of a boron trifluoride BF* molecule is a planar triangle 
with bond angles of 120°. The B atom is the central atom in the molecule, 
and it must be excited to give three unpaired electrons so that it can form 
three covalent bonds. 


Boron atom - ground state 



Boron atom - excited state 
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_valence bond theory 


BF 3 molecule having gained a 
share in three electrons by 
bonding to three F atoms 


0 0 


U 


u 


,n rt .^ Sp2 w hybf,di2at,on of lhe ,hree orbitals 
outer shell, hence structure is a planar tnangle 

Combining the wave functions of th P ?c ^ 

three hybrid sp 2 orbitals. 2Px 3nd 2Pv atom,c orblta,s give* 


Hv ' <31 = + ^ vi 


2 P, 


■r, 


1 


1 


1 


HVo) - H-2, + - ^ ^ 

IT ° rbi, ^ IS a u eqU ' Valem - and re P“'sion between them is mini- 

Tn ,h. h K ey n ar l dlS , ,r,bU,ed at 1200each O'her giving a planar tnangle. 
In the hybrid orbitals one lobe is bigger than the other, so it can overlap 

more effectively and hence form a stronger bond than the original atomic 
orbitals. (See Table 4.3.) Overlap of the sp 2 orbitals with p orbitals from F 
atoms gives the planar triangular molecule BF, with bond angles of 120°. 
Though this gives the correct shape, the bonds are actually shorter than 
would be expected for single bonds, and the reason for this is discussed 
under Trihalides in Chapter 12. 



Figure 4.9 (a) sp 2 hybrid orbitals and (b) the BF* molecule. 


The structure of a gaseous molecule of beryllium fluoride BeF : is linear 

p_Be_F. Be is the central atom in this molecule and determines the 

shape of the molecule formed The ground state electronic configuration 
of Be is 1 r 2s 2 . This has no unpaired electrons, and so can form no bonds. 
If energy is supplied, an excited state will be formed by unpairing and 
promoting a 2s electron to an empty 2/?level, giving 1 s —r 2p x . There arc 
now two unpaired electrons, so the atom can form the required two bonds. 
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Figure 4.10 (a) s orbital, (b) p orbital, (c) formation of two sp hybrid orbitals and 
(d) their use in forming beryllium difluoride. 


Beryllium atom - ground state 


Beryllium atom - excited state 

BeF 2 molecule having gained a 
share in two electrons by 
bonding to two F atoms 


IS 28 2p 



sp hybridization of the two orbitals in 
the outer shell, hence structure is linear 


Hybridizing the 2s and 2p x atomic orbitals gives two equivalent sp hybrid 
orbitals. 

1 1 

^ + y2 ^ 2p • 

1 1 

W(2) - ^2 y2 

Because of their shape these sp orbitals overlap more effectively and result 
in stronger bonds than the original atomic orbitals. Repulsion is minimized 
if these two hybrid orbitals are oriented at 180° to each other. If these 
orbitals overlap with p orbitals on F atoms, a linear BeF 2 molecule is 
obtained. 

It should in principle be possible to calculate the relative strength of 
bonds formed using 5, p or various hybrid orbitals. However, the wave 
equation can only be solved exactly for atoms containing one electron, that 
is hydrogen-like species H, He*, Li 2 *, Be 3 * etc. Attempts to work out 
the relative bond strengths involve approximations, which may or may not 
be valid. On this basis it has been suggested that the relative strengths of 
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T«M*4.4 Numlxmf orbitak and lype hybridizaiion 


Number of 
outer orbitals 


Type of 
hybridization 



Linear 
Plane triangle 
Tetrahedron 
Trigonal bipyramid 
Octahedron 
Pentagonal bipyramid 
Square planar 


bo«l. using ■ , .„1 ,«i«« hybrid orbM, „ „ stow „ 

controversial For Iff" . P ' but the ,nvolveme nt of d orbitals is 

e ”" nt ' "*<* “* »««>—b. 

It is a common misconception that hybridization is the cause of a par¬ 
ticular molecular shape. This is not so. The reason why any particular 

hvh P V S h ? ,S l Cnergy 11 is also im P0rtant to remember that the 

2 .h ,ZC h h I* V ,he0retical s,e P in 8° in 8 fro m an atom to a molecule, 
and the hybridized state never actually exists. It cannot be detected even 

spectroscopically, so the energy of hybrid orbitals cannot be measured and 
can only be estimated theoretically. 


THE EXTENT OF d ORBITAL PARTICIPATION IN MOLECULAR 
BONDING 

The bonding in PCI 5 may be described using hybrids of the 3s, 3 p and 3 d 
atomic orbitals for P - see below. However, there are doubts as to whether 
d orbitals can take part and this has led to the decline of this theory. 


Electronic structure o.f full 

phosphorus atom — inner 

ground state shell 

Phosphorus atom - 
excited state 

Phosphorus having gained five electrons 
from chlorine atoms in PCI* molecule 


0 

g 

T T 

i n 




0 

G 

T t 

j □ 

0 

G 

i U T 

3 0 


sp 2 d hybridization, trigonal bipyramid 


However, d orbitals are in general too large and too high in energy to mix 
completely with s and p orbitals. The difference in size is illustrated by 
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the mean values for the radial distance for different phosphorus orbitals: 
3s = 0.47 A, 3 p = 0.55 A and 3d = 2.4 A. The energy of an orbital j s 
proportional to its mean radial distance, and since the 3d orbital is much 
larger it is much higher in energy than the 35 and 3 p orbitals. It would at 
first seem unlikely that hybridization involving 5, p and d orbitals could 
possibly occur. 

Several factors affect the size of orbitals. The most important is the 
charge on the atom. If the atom carries a formal positive charge then all 
the electrons will be pulled in towards the nucleus.-The effect is greatest 
for the outer electrons. If the central P atom is bonded to a highly elec¬ 
tronegative element such as F, O or Cl, then the electronegative element 
attracts more than its share of the bonding electrons and the F or Cl atom 
attains a 6- charge. This leaves a 6+. charge on P, which makes the 
orbitals contract. Since the 3d orbital contracts in size very much more 
than the 3s and 3 p orbitals, the energies of the 35, 3 p and 3d orbitals may 
become close enough to allow hybridization to occur in PCU. Hydrogen 
does not cause this large contraction, so PH< does not exist. 

In a similar way the structure of SF 6 can be described by mixing the 3s, 
three 3 p and two 3d orbitals, that is sp } d 1 hybridization. 


Electronic structure of full 

sulphur atom - ground inner 

state shell 

Electronic structure of 
sulphur atom - excited 
state 

Sulphur atom having gained 
six electrons from fluorine 
atoms in SF e molecule 


3s 


3P 




3d 

0 

0 

0 

r 


0 

0 

L 

L 

□ 







□ 

0 

t 

r 


0 

T 



J 







0 I 

3 

0 

u 


0 

U 

J 

J 

J 


SfPd 2 hybridization, octahedral structure 


The presence of six highly electronegative F atoms causes a large con¬ 
traction of the d orbitals, and lowers their energy, so mixing may be 
possible. 

A second factor affecting the size of d orbitals is the number of d orbitals 
occupied by electrons. If only one 3d orbital is occupied on an S atom, the 


Table 4.5 Sizes of orbitals 



Mean radial distance (A) 

(sp'd 2 configuration) 

35 3 p 

3d 

S atom (neutral, no charge) 

S atom (charge +0.6) 

0.'88 094 

0.87 0.93 

1.60 

1.40 
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average radial distance is 2.46 A hm 

the distance drops to 1.60 A The pff , two ^ or * ,lta ' s are occupied 
in Table 4.5. ect of chan 6 in 8 the charge can be seen 

A further small contraction nf w ■ 

spins of electrons occupying different orbitalT^ by C0Upl '" g ° f ^ 

where^^rbU^^c^traaton^occurs 3 ^ ** Paf,iCipa,e ta b °" di "S in — 
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SIGMA AND PI BONDS 


All the bonds formed i in these examples result from end to end overlap of 

concern^ "*7 ° b0 " dS - In ° b ° nds ,he electron density ■ 
concentrated m between the two atoms, and on a line joining the two 

atoms. Double or triple bonds occur by the sideways overlap of orbitals, 
giving pi n bonds. In ji bonds the electron density also concentrates be¬ 
tween the atoms, but on either side of the line joining the atoms. The 
shape of the molecule is determined by the o bonds (and lone pairs) but 
not by the ji bonds. Pi bonds merely shorten the bond lengths. 

Consider the structure of the carbon dioxide molecule. Since C is 
typically four-valent and O is typically two-valent, the bonding can be 
simply represented 

o=c=o 


Triatomic molecules must be either linear or angular. In C0 2 , the C 
atom must be excited to provide four unpaired electrons to form the four 
bonds required. 


eeee 

(a) 



(b) 

Figure 4.11 Sigma and pi 
overlap: (a) sigma overlap (lobes 
point along the nuclei); (b) pi 
overlap (lobes are at right angles 
to the line joining the nuclei). 


Electronic structure of 
carbon atom - ground 
state 




2p 


t 


T 


Electronic structure of 
carbon atom - excited 

0 0 

□ 

□ 

0 

state 





Carbon atom having gained four 

0 0 

— 

— 

|—| 

electrons from oxygen atoms by 

U 

ti 

0 

forming four bonds 

^- r- 

_i i 

i_ 



o bonds 

tc bonds 


There are two o bonds and two jt bonds in the molecule. Pi orbitals are 
ignored in determining the shape of the molecule. The remaining r and p 
orbitals are used to form the o bonds. (These could be hybridized anifthe 
two sp 2 orbitals will point in opposite directions. Alternatively VSEPR 
theory suggests that these two orbitals will be oriented as far apart as 
possible.) These two orbitals overlap with p orbitals from two O atoms, 
forming a linear molecule with a bond angle of 180 . The 2p v and „p. 
orbitals on C used for n bonding are at right angles to the bond, and 
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overlap sideways with p orbitals on the O atoms at either side. This ji 
overlap shortens the C—O distances, but does not affect the shape. 

The sulphur dioxide molecule S0 2 may be considered in a similar way. S 
shows oxidation states of (+11), (4IV) and ( + VI). whilst O is two-valent. 
The structure may be represented: 

o=s=o 

Triatomic molecules are either linear or bent. The S atom must be excited 
to provide four unpaired electrons. 


Electronic structure of 
sulphur atom - ground 
state 


full 

inner 

shell 


U T T 



Electronic structure of 
sulphur atom - excited 
state 


T T T 



Sulphur dioxide 

molecule. 


Sulphur atom having gained 
four electrons from four bonds 
to oxygen atoms in S0 2 molecule 


TiUtJ 


two o bonds two x bonds 
and one lone pair 



The two electron pairs which form the jt bonds do not affect the shape 
of the molecule. The remaining three orbitals point to the corners of a 
triangle, and result in a planar triangular structure for the molecule with 
two corners occupied by O atoms and one corner occupied by a lone pair 
The S0 2 molecule is thus angular or V shaped (Figure 4.12). 

The ji bonds do not alter the shape, but merely shorten the bond lengths. 
Hie bond angle is reduced from the ideal value of 120° to 119°30' because 
of the repulsion by the lone pair of electrons. Problems arise when 
examine exactly which AOs are involved in n overlap. If the o bond’ 
occurs in the xy plane then ji overlap can occur between the 3 n orh # 

S and the 2 p , orbital on one O atom to give one ji bond The * 
bond involves a d orbital. Though the 3 d :! orbital on S is in th** 0 ™ * 
orientation for ji overlap with the 2 p. orbital on the other O * COrrect 
symmetry of the 3</.i orbital is wrong (both lobes have 9 . • a,om » the 
a p orbital one lobe is + and the other ovIr| aD JS 0 Whils | for 

does not result in bonding. The 3 d x: orbital on S is in th hCSC or ^' ta * s 
tation, and has the correct symmetry to overlap with the 7n C ° rrect or ' en “ 
second O atom, and could give the second ji bond It • or | > ‘* a * on the 

bonds involving p and d orbitals both have the sa ,S SUr P r * s ' n 8 that jr 
length). This calls into question whether it is corr” 16 enCr ® f ^ an< ^ bond 

with two n bonds as containing two discrete jt bo h CCI IO tfeal m °lccules 

to treat the ji bonds as being delocalized over sev * be,,er a Pproach is 
this treatment are given near the end of this cha \ at ° ms ’ Exa mples of 
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.molecular orbital method 


structure SU '^ hUr lri °*' de mole cule SO, valency 


requirements suggest the 


O 



The central S atom must be excited 
form six bonds. 


to provide six 


unpaired electrons to 



Electronic structure of 
sulphur atom - excited 
state 

Sulphur atom having gained 
six electrons from six bonds 
to oxygen atoms in S0 3 
molecule 

three o bonds three ji bonds 

The three n bonds are ignored in determining the shape of the molecule. 
The three a orbitals are directed towards the corners of an equilateral 
triangle, and the SO^ molecule is a completely regular plane triangle 
(Figure 4.13). The ji bonds shorten the bond lengths, but do not affect the 
shape. This approach explains the o bonding and shape of the molecule, 
but the explanation of ji bonding is unsatisfactory. It presumes: 

1. That one 3 p and two 3 d orbitals on S are in the correct orientation to 
overlap sideways with the 2 p v or 2 p 2 orbitals on three different 
O atoms, and 

2. That the n bonds formed are all of equal strength. 

This calls into question the treatment of n bonds. In molecules with more 
than one n bond, or molecules where the 7t bond could equally well exist in 
more than one position, it is better to treat the * bonding as being de¬ 
localized over several atoms rather than localized between two atoms. 
This approach is developed near the tnd of this chapter. 


o 



Figure 4.13 Sulphur trioxide 
molecule. 
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MOLECULAR ORBITAL METHOD 

. ■ . k„„h r.-lrctron Dair) ihcory. a molecule is considered to be 

In the valence bond (electron P ) y orbitals. ^ may 

made up of atoms.E£««> arc hybr id,zed. atomic orbitals from the 

or may not be ^ produce hybrid orbitals which can overlap more 
same atom combine_ .o p j mhcr y a|oms , hus producing stronger bonds, 
effectively with orbit. Mr orb „als) are thought to remain 

Thus the atomic orbitals <o.Ml* £ ^ jn a mo|ecu , e . 

C "n" imo.ccuirorbi.nl theory, the valency electrons are considered to 
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be associated with all the nuclei in the molecule. Thus the atomic orbitals 
from different atoms must be combined to produce molecular orbitals. 

Electrons may be considered either as particles or waves. An electron in 
an atom may therefore be described as occupying an atomic orbital, or by 
a wave function which is a solution to the Schrodinger wave equation 
Electrons in a molecule are said to occupy molecular orbitals. The wave 
function describing a molecular orbital may be obtained by one of two 
procedures: 

1. Linear combination of atomic orbitals (LCAO). 

2. United atom method. 


LCAO METHOD 

Consider two atoms A and B which have atomic orbitals described bv the 

wave functions i|> (A) and t|i (B) . If the electron clouds of these two atoms 

overlap when the atoms approach, then the wave function for the molecule 

(molecular orbital i|. (AB) ) can be obtained by a linear combination of the 
atomic orbitals t|i (A) and \p (B) : c 

^(AB) = N(C,T|> (A) + C 2 \|1 (B) ) 

where A! is a normalizing constant chosen to ensure that the probabilitv 
of finding an electron in the whole of the space is unity, and c and c, a e 
constants chosen to give a minimum energy for If a tnim a 2 a d* 

are similar, then c, and c 2 will have simila^^aluetTf atomlT and B are 
the same, then c, and c 2 are equal. nd B re 

The probability of finding an electron in a volume of sDace rtv ic „ 2 A 
SO the probability density for the combination oHwo 
related to the wave function squared: S above ,s 

V(AB) = (dVtA) + 2C|C 2 \|) (A) \|) (B) + c^f B) ) 

If we examine the three terms on the right of the eouatinn ^ * 
cr\p (A) is related to the probability of finding an election ’ ^ first lerm 
an isolated atom. The third term re,a ed to ,h" ““T A . “ Ais 

finding an electron on atom B if B is an isolated atn probability of 
becomes increasingly important as the overlap^twTen^h term 

orbitals increases, and this term is called the overbn ^ tW0 atomic 
represents the main difference between the .| P „. P ln,e 8 ral - This term 
atoms and in the molecule. The lareer this t., ,!f n clouds in individual 

8 hlS ,erm the stronger the bond. 

s — s combinations of orbitals 

Suppose the atoms A and B are hydros 

V,a, and describe the Is atomic ofbitals oTtteT ^ WaVe functions 
hi nations ,h. .... ta*. M ^ Two cm- 

1. Where the signs of the two wave 

2. Where the signs of the two wave function III 
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LCAO METHOD 


(If one of the wave functions \|> (A) is arbitrarily assigned a +ve sign, the 
other may be either +ve or -ve.) Wave functions which have the same 
sign may be regarded as waves that are in phase, which when combined 
add up to give a larger resultant wave. Similarly wave functions of different 
signs correspond to waves that are completely out of phase and which 
cancel each other by destructive interference. (The signs + and - refer to 
signs of the wave functions, which determine their symmetry, and have 
nothing to do with electrical charges.) The two combinations are: 

^ig) = ^(ai + n><B)} 

and 

V(u> = ^{^(A) + [-n»(B)]} = Af{\|>(A) - V(B)} 

The latter equation should be regarded as the summation of the wave 
functions and not as the mathematical difference between them. 


Atomic orbitals Molecular orbitals 



Figure 4.14 s-s combinations of atomic orbitals. 


When a pair of atomic orbitals \|> (A) and \p (B ) combine, they give rise to a 
pair of molecular orbitals \|>( g) and The number of molecular orbitals 
produced must always be equal to the number of atomic orbitals involved. 
The function \y (g) leads to increased electron density in between the nuclei, 
and is therefore a bonding molecular orbital. It is lower in energy than the 
original atomic orbitals. Conversely tl> (u) results in two lobes of opposite 
sign cancelling and hence giving zero electron density in between the 
nuclei. This is an antibonding molecular orbital which is higher in energy 
(Figure 4.15). 

The molecular orbital wave functions are designated \j> (g) and g 
stands for gerade (even) and u for ungerade (odd), g and u refer to the 
symmetry of the orbital about its centre. If the sign of the wave function is 
unchanged when the orbital is reflected about its centre (i.e. x . y and z are 
replaced by -x. -y and -z) the orbital is gerade. An alternative method 
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Figure 4.15 Energy of \(t (g) and t|t (y , molecular orbitals. 


for determining the symmetry of the molecular orbital is to rotate the 
orbital about the line joining the two nuclei and then about a line perpen¬ 
dicular to this. If the sign of the lobes remains the same, the orbital is 
gerade, and if the sign changes, the orbital is ungerade. 

The energy of the bonding molecular orbital passes through a 
minimum (Figure 4.15), and the distance between the atoms at this point 
corresponds to the internudear distance between the atoms when they 
form a bond. Consider the energy levels of the two Is atomic orbitals, and 
of the bonding \|> (g) and antibonding tj) (u) orbitals (Figure 4.16). 

The energy of the bonding molecular orbital is lower than that of the 
atomic orbital by an amount A. This is known as the stabilization energy 



Figure 4.K Energy levels of s-s atomic and molecular orbitals. 
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Similarly the energy of the a fkrk 

A. Atomic orbitals may hold ° * ° nc *' n ^ m °l cc ular orbital is increased by 
opposite spins) and the same^ ?• * W ° e * ec * mns (provided that they have 
two hydrogen atoms combining o! eS *° molecu,ar or bitals. In the case of 
one from the 1 s orbital of atn ^ a ere , 3re lW ° e * ectrons to considered: 
When combined, these two dnd . on .f f ™ m thc ^ orbital of atom B. 

orbital This results in a savin* 0 ^°^ ° CCUpy the bonding mo,ecular 
the bond energy: It is onlv hers g J ener gy ot 2A, which corresponds to 
a bond is formed. USe tbe s y stem * s stabilized in this way that 

orbitalsonUch H^omaln^d °! ' W ° H * a, ° mS combinin 8 The u 

to put into molecular orbitals tJo Ihh "^i 1 "" 8 * ,0 ‘ al ° f f °“ r elec,rons 
MO, and two occunv the * j- * tbe e * ectrons occupy the bonding 

derived from filling the bonding "MOT^f s,ablllza,ion energy 2A 
energy from using the LaTL 8 IS ° ffset b V ,he 2A destabilization 
energy He" d~s ^ ^"3 M 9‘ Since overa " saving of 

Some further «, t^i '’ a " d th,S sl,ua,lon corresponds to non-bonding. 
# . ° s are necessary to describe the wav in which the 

n u r C ° rb ( i ta S ° Verlaf> ' ° Verlap ° f ,he orbi,als alon g the axis joinmg the 

orb,l P f ° r' eCU,ar ° rbi,alS ’ Whilsl lalera ' overlap o"atomic 

orbitals forms ji molecular orbitals. 


s — p combinations of orbitals 

An t orbital may combine with a p orbital provided that the lobes of the p 
orbital are pointing along the axis joining the nuclei. When the lobes which 
overlap have the same sign this results in a bonding MO with an increased 
electron density between the nuclei. When thc overlapping lobes have 
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Pm S 



o overlap 
bonding orbital 


V<g) 


node 


o' overlap 
antibonding orbital 

S Vlul 

Figure 4.17 s-p comhtiniion of atomic orbitals. 
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opposite signs this gives an antibonding MO with a reduced electron 
density in between the nuclei (Figure 4.17). 


p — p combinations of orbitals 

Consider first the combination of two p orbitals which both have lobes 
pointing along the axis joining the nuclei. Both a bonding MO and an 
antibonding MO are produced (Figure 4.18). 

Next consider the combination of two p orbitals which both have lobes 
perpendicular to the axis joining the nuclei. Lateral overlap of orbitals will 


Atomic orbitals 


Molecular orbitals 


G© ©O 
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Pm 



o overlap 
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| node 



o* overlap 
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Figure 4.18 p-p combination of atomic orbitals. 
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occur, resulting in jt bonding and jt* antibonding MOs being produced 
(Figure 4.19). 

There are three points of difference between these molecular orbitals 
and the o orbitals described previously: 

1. For jt overlap the lobes of the atomic orbitals are perpendicular to the 
line joining the nuclei, whilst for o overlap the lobes point along the line 
joining the two nuclei. 

2. For jt molecular orbitals, is zero along the internuclear line and 
consequently the electron density \p 2 is also zero. This is in contrast to a 
orbitals. 

3. The symmetry of ji molecular orbitals is different from 'hat shown by o 
orbitals. If the bonding tc MO is rotated about the internuclear line 
a change in the sign of the lobe occurs. The ji bonding orbitals are 
therefore ungerade , whereas all o bonding MOs are gerade . Conversely 
the antibonding jt MO is gerade whilst all o antibonding MOs are 
ungerade . 

Pi bonding is important in many organic compounds such as ethene 
(where there is one o bond and one jt bond between the two carbon 
atoms), ethyne (one o and two jt), and benzene, and also in a number of 
inorganic compounds such as C0 2 and CN" 

Ethene contains a localized double bond, which involves only the two 
carbon atoms. Experimental measurements show that the two C atoms and 
the four H atoms are coplanar, and the bond angles are close to 120°. Each 
C atom uses its 2s and two 2 p orbitals to form three sp 2 hybrid orbitals that 
form o bonds to the other C atom and two H atoms. The remaining p 
orbital on each C atom is at right angles to the o bonds so far formed. In 
the valence bond theory these two p orbitals overlap sideways to give a ji 
bond. This sideways overlap is not as great as the end to end overlap in o 
bonds so a C=C, though stronger than a C—C bond, is not twice as strong 
(C—C in ethane 346kJmor\ C=C in ethene 598kJmor l ). The mol¬ 
ecule can be twisted about the C—C bond in ethane, but it cannot be 
twisted in ethene since this would reduce the amount of jt overlap. In 
the molecular orbital theory the explanation of the ji bonding is slightly 
different. The two p orbitals involved in ji bonding combine to form two ji 
molecular orbitals, one bonding and one antibonding. Since there are only 
two electrons involved, these occupy the jt bonding MO since this has the 
lower energy. The molecular orbital explanation becomes more important 
in cases where there is non-localizcd jt bonding, that is where n bonding 

covers .several atoms as in benzene, NOi and CO^ . 

In ethyne each C atom uses sp hybrid orbitals to form o bonds to the 
other C atom and a H atom. These four atoms form a linear molecule. 
Each C atom has two p orbitals at right angles to one another, and these 
overlap sideways with the equivalent p orbitals on the other C atom, thus 
forming two jt bonds. Thus a C=C triple bond is formed, which is 
stronger than a C=C double bond (C^C in ethyne 813 kJ mol ). 

The majority of strong jt bonds occur between elements of the first short 
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period in the periodic table, for example C=C, C—N, C—O, C —C and 
C=0. This is mainly because the atoms arc smaller and hence the orbitals 
involved arc reasonably compact, so it is possible to get substantial overlap 
of orbitals. There are a smaller number of cases where n bonding occurs 
between different types of orbitals, for example the 2 p and 3 d orbitals. 
Though these orbitals are much larger, the presence of nodes may con¬ 
centrate electron density in certain parts of the orbitals. 

p-d combinations of orbitals 

A p orbital on one atom may overlap with a d orbital on another atom as 
shown, giving bonding and antibonding combinations. Since the orbitals 
do not point along the line joining the two nuclei, overlap must be of the ;t 
type (Figure 4.20). This type of bonding is responsible for the short bonds 
found in the oxides and oxoacids of phosphorus and sulphur. It also occurs 
in transition metal complexes such as the carbonyls and cyanides. 


Atomic orbitals 



Molecular orbitals 



n overlap 
bonding orbital 


*(u) 



Figure 4.20 p-d combinations of atomic orbitals. 


<90 


** overlap 
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Figure 4.21 6 bonding by d 
orbitals (sideways overlap of two 
d t : _ v : orbitals. 


d-d combinations of orbitals 

It is possible to combine two d atomic orbitals, producing bonding and 
antibonding MOs which arc called 6 and 6* respectively. On rotating these 
orbitals about the internuclear axis, the sign of the lobes changes four 
times compared with two changes with n overlap and no change for o 
overlap. 

Non-bonding combinations of orbitals 

All the cases of overlap of atomic orbitals considered so far have resulted 
in a bonding MO of lower energy, and an amibonding MO of higher 
energy. To obtain a bonding MO with a concentration of electron density 
in between the nuclei, the signs (symmetry) of the lobes which overlap 
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Figure 4.22 Some non-bonding combinations of atomic orbitals. 


must be the same. Similarly for antibonding MOs the signs of the over¬ 
lapping lobes must be different. In the combinations shown in Figure 4.22 
any stabilization which occurs from overlapping + with + is destabilized 
by an equal amount of overlap of + with There is no overall change in 
energy, and this situation is termed non-bonding. It should be noted that 
in all of these non-bonding cases the symmetry of the two atomic orbitals is 
different, i.e. rotation about the axis changes the sign of one. 


RULES FOR LINEAR COMBINATION OF ATOMIC ORBITALS 


In deciding which atomic orbitals may be combined to form molecular 
orbitals, three rules must be considered: 

1. The atomic orbitals must be roughly of the same energy. This is im¬ 
portant when considering overlap between two different types of atoms. 

2. The orbitals must overlap one another as much as possible. This implies 
that the atoms must be close enough for effective over! f u.id that the 
radial distribution functions of the two atoms must be similar at this 


distance. 

3 In order to produce bonding and antibonding MOs, either the sym- 
metry of the two atomic orbitals must remain unchanged when rotated 
about the internuclear line, or both atomic orbitals must change sym- 
metry in an identical manner. 

In the same way that each atomic orbital has a particular energy and 

may be defined by four quantum numbers, each molecular orbital has a 

definite energy, and is also defined by four quantum numbers. 

1. The principal quantum number n has the same significance as in atomic 


2 . 

3. 


‘subsidiary quantum number / also has the same significance as in 

"magnetic 5 quantum number of atomic orbitals is replaced by a 
qimntum number X. In a diatomic molecule, the line joining the 
eHsTaken as a reference direction and X represents the quantization 
Zlar momentum in hi 2* units with respect to this axts. X takes the 

e values as m takes for atoms, i.e. 
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X •“ — -3, — 2, —1, 0, +1, +2, +3,..., +/ 

When X = 0, the orbitals are symmetrical around the axis and are 
called o orbitals. When X = ±1 they are called 7 t orbitals and when 
X = ±2 they are called 6 orbitals. 

4. The spin quantum number is the same as for atomic orbitals and may 
have values of ±£. 

The Pauli exclusion principle states that in a given atom no two electrons 
can have all four quantum numbers the same. The Pauli principle also 
applies to molecular orbitals: No two electrons in the same molecule can 
have all four quantum numbers the same. 

The order of energy of molecular orbitals has been determined mainly 
from spectroscopic data. In simple homonuclear diatomic molecules, the 
order is: 


al$, a*ls,-a2s, o*2s, o2p x . 



n*2p yt a*2 p x 
n*2p : 


increasing energy 
-» 


Note that the 2 p y atomic orbital gives ji bonding and ji* antibonding MOs 
and the 2p z atomic orbital gives ji bonding and ji* antibonding MOs. The 
bonding ji2 p y and ji2 p z MOs have exactly the same energy and are said to 
be double degenerate. In a similar way the antibonding ji*2 p v and ji*2 p z 
MOs have the same energy and are also doubly degenerate. 

A similar arrangement of MOs exists from o3$ to o*3p x , but the energies 
are known with less certainty. 

The energies of the o2p and 7i2 p MOs are very close together. The order 
of MOs shown above is correct for oxygen and heavier elements, but for the 
lighter elements boron, carbon and nitrogen the tt 2p y and *2 p z are probably 
lower than o2p x . For these atoms the order is: 


al$, a2j, a*2s, 


n2p y , 
. n2p z , 


o2p xy o*2p x> 


n *2p y 

n*2p z 


increasing energy 
--—» 


EXAMPLES OF MOLECULAR ORBITAL TREATMENT FOR 
HOMONUCLEAR DIATOMIC MOLECULES 

In the build-up of atoms, electrons are fed into atomic orbitals. The 
Aufbau principle is used: 

1. Orbitals of lowest energy are filled first. 

2. Each orbital may hold up to two electrons, provided that they have 
opposite spins. 

Hund s rule stales that when several orbitals have the same energy 
(that is they are degenerate), electrons will be arranged so as to give the 
maximum number of unpaired spins. 
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- EXAMPLES of molecular orbital treatment 

In the molecular orbital method, we consider the whole molecule rather 
than the constituent atoms, and use molecular orbitals rather than atomic 
orbitals. In the build-up of the molecule, the total number of electrons 
from all the atoms in the molecule is fed into molecular orbitals. The 
Aufbau principle and Hund’s rule are used as before. 

For simplicity homonuclear diatomic molecules will be examined first 
Homonuclear means that there is only one type of nucleus, that is one 

element present, and diatomic means that the molecule is composed of 
two atoms. r 

H 2 molecule ion 

TTiis may be considered as a combination of a H atom with aH + ion. This 
gives one electron in the molecular ion which occupies the lowest energy 


The electron occupies the ols bonding MO. The energy of this ion is thus 
lower than that of the constituent atom and ion, by an amount A, so there 
is some stabilization. This species exists but it is not common since H 2 is 
much more stable. However, H 2 can be detected spectroscopically when 
H 2 gas under reduced pressure is subjected to an electric discharge. 

H 2 molecule 

Tliere is one electron from each atom, and hence there are two electrons 
in the molecule. These occupy the lowest energy MO: 

oLr 2 

This is shown in Figure 4.23. The bonding o\s MO is full, so the stabiliza¬ 
tion energy is 2A. A o bond is formed, and the H 2 molecule exists and is 
well known. 
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Figure 4.23 Electronic configuration, atomic and molecular orbitals for hydrogen 
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Hcj" molecule ion 

This may be considered as a combination of a He atom and a He ion. 
There are three electrons in the molecular ion, which are arranged in MOs. 

oil 2 , oMj 1 

The filled c\s bonding MO gives 2A stabilization, whilst the half-filled 
els* gives A destabilization. Overall there is A stabilization. Thus the 
helium molecule ion can exist. It is not very stable, but it has been 
observed spectroscopically. 


He 2 molecule 

There are two electrons from each atom, and the four electrons are 
arranged in MOs: 


olr, o*lr 

The 2A stabilization energy from filling the o2s MO is cancelled by the 2A 
destabilization energy from filling the a*\s MO. Thus a bond is not 
formed, and the molecule does not exist. 


Li 2 molecule 

Each Li atom has two electrons in its inner shell, and one in its outer shell, 
giving three electrons. Thus there is a total of six electrons in the molecule, 
and these are arranged in MOs: 

0I5 2 , o*l5 2 , o2r 

This is shown in Figure 4.24. The inner shell of filled als and o*1j MOs do 
not contribute to the bonding in much the same way as in He 2 . They are 
essentially the same as the atomic orbitals from which they were formed, 
and are sometimes written: 


KK, o2s 2 

However, bonding occurs from the filling of the o2s level, and Li, mol¬ 
ecules do exist in the vapour state. However, in the solid it is energetically 
more favourable for lithium to form a metallic structure. Other Group 1 
metals such as sodium behave in an analogous way: 

Na, KK, LL, o3$ 2 


Be 2 molecule 

A beryllium atom has two electrons in firct h • . • 

ftw» cA/'stnri tu . icurons in me nrst shell plus two electrons in 

are arranged in m£. ” ^ m ° ,eCU,e ,here are ei 6 h ‘ cl «'">ns. These 
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o\s\ o'ls\ o2r, o-2t 2 , ( "J* 

n2pi 

This is shown diagrammatically in Figure 4.26. 

The molecule should be stable, since the two nip bonding orbitals 
provide 4A of stabilization energy, giving two bonds. In fact carbon exists 
as a macromolecule in graphite and diamond, since these are an even more 
stable arrangement (where each carbon forms four bonds): hence diamond 
and graphite are formed in preference to C 2 . 
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Figure 4.24 Electronic configuration, atomic and molecular orbitals for lithium. 


ol$ 2 , 0 M 5 2 , o2s 2 , o*2s 2 
or 

KK, 02 s 2 , o*2y 2 

Ignoring the inner shell as before, it is apparent that the effects of the 
bonding o2s and antibonding o*2s levels cancel, so there is no stabilization 
and the molecule would not be expected to exist. 

B 2 molecule 

Each boron atom has 2 + 3 electrons. The B 2 molecule thus contains a 
total of ten electrons, which are arranged in MOs: 

olr. o*b J , o2s 2 , o'2r, j ^ 

This may be shown diagrammatically (Figure 4.25). Note that B is a 
light atom and the order of energies of MOs is different from the •usual- 
arrangement Thus the n2 p orbitals are lower in energy than the o2 p t . 
Since the jt2 p y and n2p. orbitals are degenerate (identical in energy), 
Hund's rule applies, and each is singly occupied. The inner shell does not 
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Figure 4.27 Electronic configuration, atomic and molecular orbitals for nitrogen. 


N 2 molecule 

A nitrogen atom has 2 + 5 = 7 electrons. Thus the N 2 molecule contains 
14 electrons. These are arranged in MOs: 

oh 2 , o*1j 2 , o2r 2 , o*2y 2 , ( R ^ y o2pl, 

l n2pi 
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f 


This is shown diagrammatically (Figure 4.27). 

Assuming that the inner shell does not participate in bonding, and that 
the bonding and antibonding 2s levels cancel, one o and two n bonding 
pairs remain, giving a total of three bonds. This is in agreement with the 
valence bond formulation as Ns=N. 


Oi molecule 

Each oxygen atom has 2 + 6 = 8 electrons. Thus the O 2 molecule contains 
a total of 16 electrons. These are arranged in MOs: 


ols 2 , o*ls 2 , ols 2 . 



Ji2 p\ % 

*2p 2 . 


*’ 2 p\ 

n m 2p\ 


This is shown diagrammatically in Figure 4.28. 

The antibonding ji* 2p y and ji*2 p : orbitals are singly occupied in accor¬ 
dance with Hund’s rule. Unpaired electrons give rise to paramagnetism. 
Since there are two unpaired electrons with parallel spins, this explains 
why dioxygen is paramagnetic. If this treatment is compared with the 
Lewis electron pair theory or the valence bond theory, these do not 
predict unpaired electrons or paramagnetism. 


: O . + • O : 


0 * 0 : 


This was the first success of the molecular orbital theory in successfully 
predicting the paramagnetism of 0 2 , a fact not even thought of with a 
valence bond representation of 0=0. 

As in the previous examples, the inner shell does not participate in 
bonding and the bonding and antibonding 2s orbitals cancel each other. A 
o bond results from the filling of o2 p]. Since ji*2 p\ is half filled and there¬ 
fore cancels half the effect of the completely filled ji2 p] orbital, half of a ji 
bond results. Similarly another half of a ji bond arises from ji2 p\ and 
Ji*2pj, giving a total of 1 +2 + 2 = 2 bonds. The bond order is thus two. 

Instead of working out the bond order by cancelling the effects of filled 
bonding and antibonding MOs, the bond order may be calculated as half 
the difference between the number of bonding and ?ntibonding electrons: 

/ number of electrons \ _ / number of electrons \ 
Bond _ Voccupying bonding orbitals/ yin anlibonding orbitals/ 
order ~ 2 

In the case of 0 2 the bond order calculates as (10 — 6)/2 = 2, which 
corresponds to a double bond. 

Of ion 

The compound potassium superoxide K0 2 contains the superoxide ion 
Of. The Of ion has 17 electrons, and has one more electron than the 
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Figure 4.28 Electronic configuration, atomic and molecular orbitals for oxygen. 


molecule. This extra electron occupies either the n*2p y or n’2p. orbital. I* 
does not matter which it occupies since they are the same energy. 


oIj 2 . o’lr 2 , 02s 2 , o* 2 i 2 , alp]. 



ji * 2 pi 

«* 2 p\ 


The inner shell of electrons does not take part in bonding. The bonding 
tils 2 and antibonding o*2r 2 cancel. The alp] orbital is filled and forms 
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o bond. The effects of the bond 2 

cancel, and the complete!v fillet , mg * 2p y and antibonding ji2 p 2 y orbitals 
filled antibonding n2p\ thus eivino*! Z g * 2Pz ‘ S ha,f cancelled by the half 
1 + i = «. Alternativel^th^bonH 3 ^ h ^ bond The bond order is thus 
(bonding - an.ibonding)/2, that is becalcula 'ed like .his: 

magnetic. <A ta* *. * **" ~~ 

O 2 - ion 

In a similar way sodium peroxide Na D • . 

This ion has 18 electrons, arranged: 2 2 tamS thC pCTOXl6t ion 0§". 


Ol* 2 . o-1j : , 02s 2 , a'2s 2 , a2p 2 , \ n2 P 2 y [ ** 

* l nip], 1 n * 


2 pi 


antiboncfing ^ »*>"*"* and 

from the filled Ip, orbital. Both the binding 2p and 1°™ 

cancelled out by their corresponding antibondfng orbitals Thus^heh ?h 
order is one. that is a single bond. Alternative!? th, h bond 

calculated as (bonding - an.ibonding)/2, tha. is (W -^)/ 2 °=T may be 

F 2 molecule 

Fluorine atoms have 2 + 7 electrons sn an f i 

trons. These are arranged: 2 m °' eCU,e COn,ams 18 el “- 


olj 2 , oMj 2 . (,2s 2 , a"2s 2 , alp\. 


n2p\, 
nip 


J, f n*2p] 
** 1 n*2p] 


This is shown diagrammatically in Figure 4.29. 

The inner shell is non-bonding, and the filled bonding 2s, 2p and 2p 
are cancelled by the equivalent antibonding orbitals. This leaves a o bond 

f ™ m lh ^ fill ® d alp ’ orbl,al ’ and ,hus a bond order of one. Alternatively 

00 ^°8)/2°= T may Ca ' CUla,ed 38 (b0ndi " 8 " an,ibondin 8) / 2. that is 

It should be noted that Cl 2 and Br 2 have structures analogous to F 
except that additional inner shells of electrons are full. 2 ’ 

,, The f2 ~ F bond is ra,her weak (“« Chapter 15) and this is attributed to 
tne small size of fluorine and repulsion between lone pairs of electrons on 
adjacent atoms. 


EXAMPLES of MOLECULAR ORBITAL TREATMENT FOR 

heteronuclear diatomic molecules 

The same principles apply when combining atomic orbitals from two 
afferent atoms as applied when the atoms were identical, that is- 
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Atomic 
Energy orbitals 


Molecular 

orbitals 


Alomic 

orbitals 


Energy 



1 . Only atomic orbitals of about the same energy can combine effectively. 

2. They should have the maximum overlap. 

3. They must have the same symmetry. 

Since the two atoms are different, the energies of their atomic orbitals 
are slightly different. A diagram showing how they combine to forme 
molecular orbitals is given in Figure 4.30. 
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Jfm 


Atomic orbital 


Molecular 

orbitals 


Atomic orbital 
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Figure 4.30 The relative energy levels of atomic orbitals and molecular orbitals for 
a heteronuclear diatomic molecule AB. 


The problem is that in many cases the order of MO energy levels is not 
known with certainty. Thus we will consider first some examples where the 
two different atoms are close to each other in the periodic table, and 
consequently it is reasonable to assume that the order of energies for the 
MOs are the same as for homonuclear molecules. 


NO molecule 

The nitrogen atom has 2 + 5 = 7 electrons, and the oxygen atom has 
2 + 6 = 8 electrons, making 15 electrons in the molecule. The order of 
energy levels of the various MOs are the same as for homonuclear 
diatomic molecules heavier than C 2 , so the arrangement is: 

olj 2 , o*1j 2 , 02s 2 y o*2s 2 , o2/? 2 , j 

This is shown in Figure 4.31. 

The inner shell is non-bonding. The bonding and antibonding 2s orbitals 
cancel, and a o bond is formed by the filled o2p\ orbital. A ji bortd is 
formed by the filled ji2 p] orbital. The half-filled n*2p l y half cancels the 
filled ji2 pi orbital, thus giving half a bond. The bond order is thus 2{, 
that is in between a double and a triple bond. Alternatively the bond order 
may be worked out as (bonding - antibonding)/2. that is (10 - 5)/ = 2\. 
The molecule is paramagnetic since it contains an unpaired electron. In 
N 0 there is a significant difference of about 250kJ mol -1 in the energy 
°f the AOs involved, so that combination of AOs to give MOs is less 
effective than in 0 2 or N 2 . The bonds are therefore weaker than might 
** expected. Apart from this the molecular orbital pattern (Figure 4.31) 


*2 p), | **2 p l y 

*2 p 2 , 1 n*2p° z 









Figure 4.31 Electronic configuration, atomic orbitals and molecular orbitals for 
nitric oxide. (This diagram is essentially the same as that for homonuclear diatomic 
molecules such as N 2 , 0 2 or F 2 . The difference is that the atomic energy levels o 
N and O are not the same. The als and a*Is MOs are omitted for simplicity.) 

is similar to that for homonuclear diatomic molecules. Removal of one 
electron to make NO + results in a shorter and stronger bond because the 
electron is removed from an antibonding orbital, thus increasing the bond 
order to 3. 

CO molecule 

The carbon atom has 2 4-4 = 6 electrons, and the O atom has 2 + ^ 5 1 
electrons, so the CO molecule contains 14 electrons. In this case wc are 
rather less certain of the order of energies of the MOs. since they are. 
different for C and O. Assume the order is the same as for heht atom* 
like C: 
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Atomic 
Energy orbitals 


Molecular 

orbitals 


Atomic 

orbitals Energy 



Figure 4.32 Electronic configuration, atomic orbitals and molecular orbitals for 
carbon monoxide. (The 0 I 5 and <j*1j MOs are omitted for simplicity.) 


ol5 2 , oMj 2 , o2j 2 , o*2s 




n2pl 

Jt2 p] 


alp] 


This is shown in Figure 4.32. 

The inner shell is non-bonding, and the bonding and antibonding 2s 

orbitals cancel, leaving one o and two * bonds - and thus a bond order of 

3 Alternatively the bond order may be calculated using the formula 

* .. .. Aina\0 that is (10 - 4)/2 = 3. This simple picture is 

(bonding - ant.bond.ng)/2. thatns ( > ^ remova , Qf one 

«-■*srs. 1 : nr 

removed from an antibonding orbital- The problem remains if we assume 
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the order of energy for the MOs is the same as lor atoms heavier than C, 
since this only reverses the position of the o2p x and the (n2p v and n2p,) 
MOs. The most likely explanation of the bond shortening when CO is 
changed to CO^ is that the o2s and o*2s molecular orbitals differ in 
energy more than is shown in the figure. This means that they are wider 
apart, and the o*2s MO is higher in energy than the o2p x , nlp y and n2p : 
MOs. This illustrates very plainly that the order of MO energy levels for 
simple homonuclear diatomic molecules used above is not automatically 
applicable when two different types of atoms are bonded together, and it is 
certainly incorrect in this particular heteronuclear case. 


HC1 molecule 

With heteronuclear atoms it is not obvious which AOs should be combined 
by the LCAO method to form MOs. In addition because the energy levels 
of the AOs on the two atoms are not identical, some MOs will contain a 
bigger contribution from one AO than the other. This is equivalent to 
saying that the MO ‘bulges’ more towards one atom, or the electrons in the 
MO spend more time round one atom than the other. Thus some degree of 
charge separation 6+ and 6— occurs, resulting in a dipole. Thus partial 
ionic contributions may play a significant part in the bonding. 

Consider the HCI molecule. Combination between the hydrogen Is AO 
and the chlorine Is, 2s, 2 p and 3s orbitals can be ruled out because their 
energies are too low. If overlap occurred between the chlorine 3 p y and 3 p, 
orbitals it would be non-bonding (see Figure 4.22) because the positive 
lobe of hydrogen will overlap equally with the positive and negative lobes 
of the chlorine orbitals. Thus the only effective overlap is with the chlorine 
3 p x orbital. The combination of H Is 1 and Cl 2p' x gives both bonding and 
antibonding orbitals, and the two electrons occupy the bonding MO. 
leaving the antibonding MO empty. It is assumed that all the chlorine AOs 
except 3 p x are localized on the chlorine atom and retain their original AO 
status, and the 3s, 3 p y and 3 p z orbitals are regarded as non-bonding lone 
pairs. 

This over-simplification ignores any ionic contribution such as can be 
shown with the valence bond resonance structures 

H+CP and H"Cr 

The former would be expected to contribute significantly, resulting in a 
stronger bond. 

EXAMPLES OF MOLECULAR ORBITAL TREATMENT 
INVOLVING DELOCALIZED ji BONDING 

Carbonate ion CO* - 

The structure of the carbonate ion is a planar triangle, with bond angles of 
120°. The C atom at the centre uses sp 2 orbitals. All three oxygen atoms 


-l~^M£tr!; : l_0|_ MOLECULAR ORBITAL TREATMENT 

are equivalent, and the C_O h a 

single valence bond structure cnri? S 3 [ C shorter than sin 8 ,e bonds. A 

bond lengths, and so fails to describe! k 31 shown would have different 

10 describe the structure adequately. 

O 



The prob em is simply .hat an electron cannot be represented as a do. or a 

patr o f dectrons as a line (bond). The fourth electron pair that makes 

up the double bond is not localized in one of the three positions, but is 

somehow spread out over all three bonds, so that each bond has a bond 
order of 1$. 


Pauling adapted the valence bond notation to cover structures where 
electrons are delocalized. Three contributing structures can be drawn for 
the carbonate ion: 


O O- O- 



These contributing structures do not actually exist. The CO]~ does not 
consist of a mixture of these structures, nor is there an equilibrium be¬ 
tween them. The true structure is somewhere in between, and is called a 
resonance hybrid. Resonance was widely accepted in the 1950s but is now 
regarded at best as clumsy and inadequate, and at worst as misleading or 
wrong! 

Delocalized ji bonding is best described by multi-centre bonds, which 
involve n molecular orbitals. The steps in working this out are: 


1. Find the basic shape of the molecule or ion, either experimentally, or 
from the VSEPR theory using the number of o bonds and lone pairs on 
the central atom. 

2. Add up the total number of electrons in the outer (valence) shell of all 
the atoms involved, and add or subtract electrons as appropriate to 


3. 

4. 


n ions. 

culate the number of electrons used in o bonds and lone pairs, and 
subtracting this from the total determine the number of electrons 

ch can participate in n bonding. .... 

inf the number of atomic orbitals which can take part in n bonding, 
nbine these to give the same number of molecular orbitals which are 
xalized over all of the atoms. Decide whether MOs are bonding, 
bonding or antibonding, and feed the appropriate number of n 
:trons into the MOs (two electrons per MO)^ The orbitals wi h 
est energy are filled first. The number of n bonds formed can easily 
determined from the MOs which have been filled. 
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r rn 2 ~ will be examined in this way. There are 24 
ele^rons'in die valence shell (four from C six from each of the three O 

atoms. Each O has four non-bond.ng electrons. Th.s leaves s.x 

^The'lmic^orbiutavailable for « bonding are the 2p orbital on C and 
,I* from .h. three O mm. CmKm, !*»«•» ~ 

orbitals gives four four-centre re molecular orbitals. Each o these covere 
all four atoms in the ion. The lowest energy MO is bonding, the highest 
is antibonding, and the remaining two are non-bond.ng (and arc abo 
degenerate, i.e. the same in energy). The six * electrons occupy the MO 
of lowest energy. Two electrons fill the bonding MO and four electrons 
both of the non-bonding MOs and thus contribute one re bond to the 
molecule. Each of the C—O bonds has a bond order of 1$, 1 from the o 
bond and 4 from the n bond. 


Nitrate ion NO3 

The structure of the nitrate ion is a planar triangle. The N atom at the 
centre uses sp 2 orbitals. All three oxygen atoms are equivalent, and the 
bond lengths N—O are all a little shorter than for a single bond. This 
cannot be explained by a valence bond structure: 

O 

II 

O O- 

There 24 electrons in the valence shell (five from N, six from each of the 
three O atoms and one from the charge on the ion). 

Of these, six are used to form the o bonds between N and the three O 
atoms. Each O has foqr non-bonding electrons. This leaves six electrons 
available for 71 bonding. 

The atomic orbitals used for n bonding are the 2 p z orbitals on N and 
the three O atoms. Combining these four atomic orbitals gives four four- 
centre ji molecular orbitals. The lowest in energy is bonding, the highest is 
antibonding, and the remaining two are degenerate (the same in energy) 
and are non-bonding. The six n electrons fill the bonding MO and both of 
the non-bonding MOs and thus contribute one n bond to the molecule. 
Each of the N—O bonds has a bond order of lj, 1 from the o bond and $ 
from the n bond. 


Sulphur trioxidc SO3 

The structure of S0 3 is a planar triangle. The S atom at the centre uses sp 2 
orbitals. All three oxygen atoms are equivalent, and the S—O bonds are 
much shorter than single bonds. The valence bond structure is: 
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The multi-centre jz MO explanation is as follows. There are 24 electrons in 
the valence shell (six from S and six from each of the three O atoms). 

Of thdse, six are used to form the o bonds between S and the three O 
atoms. Each O has four non-bonding electrons. This leaves six electrons 
available for jz bonding. 

S0 3 has 24 outerdectrons like the N0 3 ion. If S0 3 followed the same 
pattern as the N0 3 ion and used the 3 p z AO on S and the 2 p z AOs on 
the three O atoms, four MOs would be formed, one bonding, two non¬ 
bonding and one antibonding, and the six 31 electrons would occupy the 
bonding and non-bonding MOs, thus contributing one n bond to the 
molecule and giving a S—O bond order of 1$. The bonds are much shorter 
than this would imply. Though S0 3 has the same number of outer elec¬ 
trons as NO^,-the two are not isoelectronic. The S atom has three shells of 
electrons, so there is the possibility of using d orbitals in the bonding 
scheme. 

The six atomic orbitals available for jz bonding are the 2p z orbitals on 
the three O atoms and the 3 p z , 3 d xz and 3 d yz orbitals on S. Combining one 
2 p 2 AO with the 3 p z AO gives two MOs, one bonding and the other 
antibonding. Similarly, combining the second 2 p z AO with the 3 d xz AO 
gives one bonding MO and one antibonding MO, and combining the third 
2 p z AO with the 3 d yz AO gives one bonding MO and one antibonding 
MO. Thus we obtain three bonding MOs and three antibonding MOs. The 
six electrons available for jz bonding occupy the three bonding MOs, and 
thus contribute three ji bonds to the molecule. Each^f the S—O bonds 
has a bond order of approximately 2,1 from the o bond and approximately 
1 from the jz bond. The reason why the bond order is approximate is that 
the extent of d orbital participation depends on the number of electrons 
and the size and energy of the orbitals involved. This involves detailed 

calculation. 


Ozone 0 3 

Ozone 0 3 forms a V-shaped molecule. Both bond lengths are 1.278 A, 
and the bond angle is 116°48\ We assume that the central O atom uses 
roughly sp 2 orbitals for o bonding. The valence bond representation of 
the structure is inadequate since it suggests that the bonds are of different 
lengths, though it could be explained in terms of resonance hybrids. 

single valence bond structure 


O 

/ \ resonance hybrids 
O O 


O 

/ \ 

o o 

o 

/ \ ~ 
o o 
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The double bonding in the structure is best explained by means of 
delocalized three-centre n bonding. There is a total of 18 electrons in the 
valence shell, made up of six from each of the three O atoms. 

The central O atom forms a o bond with each of the other O atoms, 
which accounts for four electrons. The central O atom uses sp 2 orbitals’, 
one of which is a lone pair. If the ‘end 1 O atoms also use sp atomic orbi- 
lais, each O contains two non-bonding pairs of electrons. Thus lone pairs 
account for 10 electrons. Sigma bonds and lone pairs together account for 
14 electrons, thus leaving four electrons for n bonding. 

The atomic orbitals involved in ji bonding are the 2 p 2 orbitals on each of 
the three O atoms. These give rise to three molecular orbitals. These are 
three-centre jt molecular orbitals. The lowest energy MO is bonding, the 
highest energy MO is antibonding, and the middle one is non-bonding. 
There are four ji electrons and two fill the bonding MO and two fill the 
non-bonding MO, thus contributing one ji bond over the molecule. This 
gives a bond order of 1.5 for the O—O bonds. The ji system is thus a 
four-electron three-centre bond. 


Nitrite ion N0 2 

The nitrite ion NOJ is V-shaped. This is based on a plane triangular 
structure, with N at the centre, two corners occupied by O atoms, and 
the third corner occupied by a lone pair. Thus the N atom is roughly sp 
hybridized. 

In the NOJ ion there are 18 electrons in the valence shell. These are 
made up of five from N, six from each of the two O atoms, and one from 
the charge on the ion. 

The N atom forms o bonds to each of the O atoms, which accounts 
for four electrons, and the N atom has a lone pair accounting for two 
electrons. If the O atoms also use sp 2 atomic orbitals (one for bonding 
and two for lone pairs), the lone pairs on the O atoms account for eight 
more electrons. A total of 14 electrons has been accounted for, leaving 
four electrons for ji bonding. 

Three atomic orbitals are involved in Jt bonding: the 2 p z orbitals on the 
N atom and on both of the O atoms. These three atomic orbitals form 
three molecular orbitals. These are three-centre jt molecular orbitals. The 
lowest in energy is bonding, the highest is antibonding, and the middle one 
is non-bonding. Two of the four ji electrons fill the bonding MO and two 
fill the non-bonding MO, thus contributing one ji bond over the molecule. 
The bond order of the N—O bonds is thus 1.5, and the N—O distances are 
in between those for a single and double bond. 


Carbon dioxide C0 2 

The structure of C0 2 is linear O—C—O, and the C atom uses sp hyb r *jj 
orbitals for o bonds'. Both C—O bonds are the same length, but are muc 
shorter than a single bond. This is best explained by delocalized ji bonding’ 
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™ d 0 ur;;^ The m ° iecuie «*— 

O atoms and four electrons from aSTcZ^ 0 " ^ ^ ° f * he ,W ° 

electrons. ^erc™ 0 ^"* 1 ^ 1 ° at ° mS ’ thus accoun,ing for four 

atoms also usesp hybrid Sals"then ,h * T ' he C a ‘° m - " ,he ° 

each O atom, accounting f or ,117 “T lone P air of electrons on 
eicht electron* g . r 3 further four electrons. This accounts for 

8 |f thi n 8 ^, er ’ eaVmg eight elec,ron s available for * bonding. 

orbhals onlln T °"l ^ ° f e,eC,rons occu P> 2s and 2p, atomic 

for it hnnrt n xk * < !! n ’ t ^ Cn ^ an< * a,on ’' c orbitals can be used 
for n bonding. Thus there are six atomic orbitals available for n bonding. 

three 2p atomic orbitals (one from C and one from each of the O 

atoms) torm three three-centre n molecular orbitals which cover all three 

at ? r ” S ; Wlth the lowest energy is called a bonding molecular 

orbital. The MO with the highest energy is called an antibonding MO, and 

the remaining MO is non-bonding. In a similar way, the three 2 p x atomic 
orbitals also form bonding, non-bonding and antibonding three-centre ji 
molecular orbitals. Each of these MOs covers all three atoms in the mol¬ 
ecule. The eight it electrons occupy the MOs of lowest energy, in this case 
two electrons in the bonding 2 p y MO, two electrons in the bonding 2 p z 
MO, then two electrons in the non-bonding 2p y MO and two electrons in 
the non-bonding 2 p 2 MO. This gives a net contribution of two it bonds to 
the molecule, in addition to the two o bonds. Thus the bond order C—O is 
thus two. 


Azide ion N 3 

The Nj* ion has 16 outer electrons (five from each N and one from the 
charge on the ion). It is isoelectronic with C0 2 , and is linear N—N—N 
like C0 2 . We assume the central N uses sp hybrid orbitals for o bonding. 

Four electrons are used for the two o bonds. Each of the end N atoms 
has one non-bonding pair of electrons, accounting for four more electrons. 

This leaves eight electrons for n bonding. 

If the bonding and non-bonding electrons are assumed to use the 2s 
and 2p x orbitals, this leaves six atomic orbitals for ji bonding. These are 
three 2p y AOs and three 2p z AOs. The three 2 p y orbitals form three three- 
centre n molecular orbitals. The lowest in energy is bonding, the highest 
is antibonding, and the remaining MO is non-bonding. In a similar way 
the three 2 p x atomic orbitals give bonding, non-bonding and antibonding 
MOs. The eight n electrons fill both of the bonding MOs, and both of the 
non-bonding MOs. Thus there are two a and two n bonds, giving a bond 
order of 2. Thus both N—N bonds are the same length, 1.16 A. 

SUMMARY OF MULTI-CENTRE n BONDED STRUCTURES 
Isoelectronic species have the same shape and the same bond order 
(Table 4.6). 
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Table 4.6 Multi-ce ntre bonded structure^ 

Shape 

m m,».. rm— w ■■■ ■ * 

Species 


co 2 

N, 

o, 

no 2 ' 

C0 2 ,~ 

HOy 


Number of outer 
electrons 


16 

16 

18 

18 

24 

24 


Bond 

order 


Linear 

2 

Linear 

2 

V-shaped 

1.5 

V-shaped 

1.5 

Plane triangle 

1.33 

Plane triangle 

1.33 


UNITED ATOM METHOD 

The LCAO method described above is tantamount to bringing the atoms 
from infinity to their equilibrium positions in the molecule. The united 
atom method is an alternative approach. It starts w.th a hypothetical 
'united atom’ where the nuclei are superimposed, and then moved to their 
equilibrium distance apart. The united atom has the same number of 
orbitals as a normal atom, but it contains the electrons from two atoms. 
Thus some electrons must be promoted to higher energy levels in the 



Figure 4.33 Mulliken correlation for like atoms forming a diatomic molecule. 
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united atom. Further, the enenrv nf th» ^ 
that of the atomic orbitals because of the C , at ° m orbitals differs from 
molecular orbitals are in a^me^dL,. 8 ^ ^ "T'™ char * e '™ us ,he 
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>, a correlation diagram is obtained (Figure 4.33). 
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PROBLEMS 

1. Show by drawings how an s orbital, a p orbital or a d orbital on one 
atom may overlap with 5, p or d orbitals of an adjacent atom. 

2. List three rules for the linear combination of atomic orbitals. 

3. Show how the LCAO approximation gives rise to bonding and anti¬ 
bonding orbitals. Illustrate your answer by reference to three different 
diatomic molecules. 

4. Use the molecular orbital theory to explain why the bond strength in a 
N 2 molecule is greater than that in a F 2 molecule. 

5. Use the MO theory to predict the bond order and the number of 
unpaired electrons in 0 2 ", Of, 0 2 , Of, NO and CO. 

6. Draw MO energy level diagrams for C 2 , 0 2 and CO. Show which 
orbitals are occupied, and work out the bond orders and magnetic 
properties of these molecules. 

7. Name the three types of hybrid orbital that may be formed by an atom 
with only s and p orbitals in its valence shell. Draw the shapes and 
stereochemistry of the hybrid orbitals so produced. 

8. What are the geometric arrangements of sp 3 d 2 , sp 3 d and dsp 2 hybrid 
orbitals? 

9. Predict the structure of each of the following, and indicate whether 
the bond angles are likely to be distorted from the theoretical values: 

! a ! S CI ?: SiC,4; (d) ¥a > ( va P° ur ); (e) PFj; (f) f 2 o ; 
(g) SF 4 ; (h) IF,; (i) S0 2 ; (j) SF 6 . 

10. How and why does the cohesive force in metals change on descending 
a group, or on moving from one group to another? What physical 
properties follow these changes in cohesive force? 

11. Use energy level diagrams and the band theory to explain the dif¬ 
ference between conductors, insulators and semiconductors. 



The metallic bond 



GENERAL PROPERTIES'OF METALS 

All metals have characteristic physical properties: 

1. They are exceptionally good conductors of electricity and heat. 

2. They have a characteristic metallic lustre - they are bright, shiny and 
highly reflective. 

3. They are malleable and ductile. 

4. Their crystal structures are almost always cubic close-packed, hexag¬ 
onal close-packed, or body-centred cubic. 

5. They form alloys readily. 


Conductivity 

All metals are exceptionally good conductors of heat and electricity. 
Electrical conduction arises by the movement of electrons. This is in 
contrast to the movement of ions which is responsible for conduction in 
aqueous solution or fused melts of ionic compounds like sodium chloride, 
where sodium ions migrate to the cathode, and chloride ions migrate to 
the anode. In the solid state, ionic compounds may conduct to a very small 
extent (semiconduction) if defects are present in the crystal. There is an 
enormous difference in the conductivity between metals and any other 

type of solid (Table 5.1). 


Table 5.1 Electrical conduc tivity of various so lids 
Substance Type of bonding 


Silver 

Copper 

Sodium 

Zinc 

Sodium chloride 
Diamond 
Quartz 


Metallic 
Metallic 
Metallic 
Metallic 
Ionic 

Covalent giant molecule 
Covalent giant molecule 


Conductivity 

(ohmcm -1 ) 

6.3 x 10 s 
6.0 x 10 s 

2.4 x I0 5 
1.7 x 10' 

10 -’ 
io-*‘ 


♦ 
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Most of the elements to the left of carbon in the periodic table are 
metals. A t carbon atom has four outer electrons. If these are all used to 
form four bonds, the outer shell is complete and there are no electrons 
free to conduct electricity. 



full 

Cartoon atom - excited state 

Inner 


shell 

Cartoon atom having gained a 

full 

share‘in four more electrons 

inner 

by forming four bonds 

shell 




2 p 


U 


U 


u 


Elements to the left of carbon have fewer electrons, and so they must 
have vacant orbitals. Both the number of electrons present in the outer 
shell, and the presence of vacant orbitals in the valence shell, are import¬ 
ant features in explaining the conductivity and bonding of metals. 

The conductivity of metals decreases with increasing temperature. 
Metals show some degree of paramagnetism, which indicates that they 
possess unpaired electrons. 


Lustre 

Smooth surfaces of metals typically have a lustrous shiny appearance. All 
metals except copper and gold are silvery in colour. (Note that when finely 
divided most metals appear dull grey or black.) The shininess is rather 
special, and is observed at all viewing angles, in contrast to the shininess of 
a few non-metallic elements such as sulphur and iodine which appear shiny 
when viewed at low angles. Metals are used as mirrors because they reflect 
light at all angles. This is because of the ‘free* electrons in the metal, which 
absorb energy from light and re-emit it when the electron drops back from 
its excited state to its original energy level. Since light of all wavelengths 
(colours) is absorbed, and is immediately re-emitted, practically all the 
light is reflected back - hence the lustre. The reddish and golden colours 
of copper and gold occur because they absorb some colours more readily 
than others. 

Many metals emit electrons when exposed to light - the photoelectric 
effect. Some emit electrons when irradiated with short-wave radiation, 
and others emit electrons on heating (thermionic emission). 


Malleability and cohesive force 

The mechanical properties of metals are that they are typically malleable 
and ductife. This shows that there is not much resistance to deformation of 
the structure, but that a large cohesive force holds the structure together. 

M^ryMal * Mg JS 
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Table 5. 

at 25 °C 

2 Enthalpies of 
except for Hg) 

atomization A H° (kJ mol 

') (Measured 

Metal 

A H° 

Melting point 

Boiling point 



rc) 

(°C) 

Li 

Na 

162 

108 

181 

98 

1331 

890 

K 

Rb 

90 

82 

64 

39 

766 

701 

Cs 

78 

29 

685 

Be 

324 

1277 

2477 

Mg 

146 

650 

1120 

Ca 

178 

838 

1492 

Sr 

163 

768 

1370 

Ba 

178 

714 

1638 

B 

565 

2030 

3927 

Al 

326 

660 

2447 

Ga 

272 

30 

2237 

Sc 

376 

1539 

2480 

Ti 

469 

1668 

3280 

V 

562 

1900 

3380 

Cr 

397 

1875 

2642 

Mn 

285 

1245 

2041 

Fe 

415 

1537 

2887 

Co 

428 

1495 

2887 

Ni 

430 

1453 

2837 

Cu 

339 

1083 

2582 

Zn 

130 

420 

908 


Enthalpies of atomization from Brewer. L.. Science, 1968, 161. 
115, with some additions. 


The cohesive force may be measured as the heat of atomization. Some 
numerical values of A H° % the heats of atomization at 25 °C, are given in 
Table 5.2. The heats of atomization (cohesive energy) decrease on de¬ 
scending a group in the periodic table Li—Na—K —Rb—Cs, showing that 
they are inversely proportional to the internuclear distance. 

The cohesion energy increases across the periodic table from Group 1 to 
Group 2 to Group 13. This suggests that the strength of metallic bonding 
is related to the number of valency electrons. The cohesive energy in- 
creases at first on crossing the transition series Sc-Ti-V as the number of 
unpaired d electrons increases. Continuing across the transition series the 
number of electrons per atom involved in metallic bonding eventually falls, 
as the d electrons become paired, reaching a minimum at Zn. 

The melting points and to an even greater extent the boiling points 
of the metals follow the trends in the cohesive energies The cohesive 
energies vary over an appreciable range, and they approach the magnitude 
of the lattice energy which holds ionic crystals together. The cohesive 
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energies are much larger than the weak van der Waals forces which hold 

discrete covalent molecules together in the solid state. 

There are two rules about the cohesive energy and structure of metals 

(or alloys), and these are examined below: 

Rule l. The bonding energy of a metal depends on the average number of 
unpaired electrons available for bonding on each atom. 

Rule 2. The crystal structure adopted depends on the number of s and p 
orbitals on each atom that are involved with bonding. 

Consider the first rule - Group 1 metals have the outer electronic con¬ 
figuration ns\ and so have one electron for bonding. In the ground state 
(lowest energy). Group 2 elements have the electronic configuration ns , 
but if the atom is excited, an outer electron is promoted, giving the con¬ 
figuration ns\ np\ with two unpaired electrons, which can form two 
bonds. Similarly Group 13 elements in the ground state have the con¬ 
figuration ns 2 , np\ but when excited to ns\ np 2 , they can use three elec¬ 
trons for metallic bonding. 

The second rule attempts to relate the number of s and p electrons 
available for bonding to the crystal structure adopted (Table 5.3). Apart 
from Group 1 metals, the atoms need to be excited, and the structures 
adopted are shown in Table 5.4. 


Table 5.3 Prediction of metal structures from the number of s 
and p electrons involved in metallic bonding 


Number of s and p 
electrons per atom 
involved in bonding 

Structure 

Less than 1.5 

Body-centred cubic 

1 .7-2.1 

Hexagonal close-packed 

2.5-3.2 

Cubic close-packed 

Approaching 4 

Diamond structure - not metallic 


Group 1 elements have a body-centred cubic structure, and follow the 
rule. In Group 2, only Be and Mg have a hexagonal close-packed struc¬ 
ture and strictly follow the rule. In Group 13, Al has a cubic close-packed 
structure as expected. However, not all the predictions are correct. There 
is no obvious reason why Ca and Sr form cubic close-packed structures. 
However, the high temperature forms of Ca and Sr, and the room tem¬ 
perature form of Ba, form body-centred cubic structures (like Group 1), 
instead of the expected hexagonal close-packed structure. The explanation 
is probably that the paired s electron is excited to a d level instead of a p 
level, and hence there is only one s or p electron per atom participating in 
metallic bonding. This also explains why the first half of the transition 
metals, also form* body-centred cubic structures. In the second half of the 
transition series, the extra electrons may be put in the p level, to avoid 


Table 5.4 Type of structure adopted by metals in the periodic table (The room temperature structure is shown at the bottom. Other structures 
which occur at higher temperatures arc listed above this in order of temperature stability) 



bcc = body-centred cubic 

ccp = cubic close-packed 

ccp* = distorted cubic dose-packed 

hep = hexagonal dose-packed 


d = diamond structure 
a = rhombohedral - puckered sheets 
X = other structure 
• = special case (see individual group) 
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pairing d electrons, and so allow the maximum participation of d orbitals 
in metallic bonding. This increases the number of s and p electrons in¬ 
volved in metallic bonding, and for example in Cu, Ag and Au the excited 
electronic state involved in bonding is probably d *, s\ p 2 , giving a cubic 
close-packed structure and five bonds per atom (two d, one s and two p 
electrons). At Zn the d orbitals are full, and the excited state used for 
bonding is 3d 10 , 4s 1 , 4 p\ giving two bonds per atom and a body-centred 
cubic structure. The enthalpies of atomization are in general agreement 
with these ideas on bonding. 


Crystal structures of metals 

Metallic elements usually have a close-packed structure with a coordina¬ 
tion number of 12. There are two types of close packing depending on the 
arrangement of adjacent layers in the structure: cubic close packing 
ABCABC and hexagonal close packing ABAB (see Metallic bonds and 
metallic structures in Chapter 2). However, some metals have a body- 
centred cubic type of structure (which fills the space slightly less efficiently) 
where there are eight nearest neighbours, with another six next-nearest 
neighbours about 15% further away. If this small difference in distance 
between nearest and next-nearest neighbours is disregarded, the coor¬ 
dination number for a body-centred cubic structure may be regarded 
loosely as 14. The mechanical properties of malleability and ductility 
depend on the ease with which adjacent planes of atoms can glide over 
each other, to give an equivalent arrangement of spheres. These properties 
are also affected by physical imperfections such as grain boundaries and 
dislocations, by point defects in the crystal lattice and by the presence of 
traces of impurity in the lattice. The possibility of planes gliding is greatest 
in cubic close-packed structures, which are highly symmetrical and have 
possible slip planes of close-packed layers in four directions (along the 
body diagonals), compared with only one direction in the hexagonal close- 
packed structure. This explains why cubic close-packed structures are 
generally softer and more easily deformed than hexagonal or body-centred 
cubic structures. Impurities may cause dislocations in the normal metal 
lattice, and the localized bonding increases the hardness. Some soft metals 
like Cu become work hardened - it is harder to bend the metal a second 
time. This is because dislocations are caused by the first bending, and these 
disrupt the slip planes. Other metals such as Sb and Bi are brittle. This is 
because they have directional bonds, which pucker layers, preventing one 
layer from slipping over another. 

The type of packing varies with the position of the element in the 
periodic table (Table 5.4), which is related to the number of s and p 
electrons on each atom that can take part in metallic bonding. This has 
been described earlier. 

Metallic elements commonly react with other metallic elements, often 
over a wide range of composition, forming a variety of alloys which look 
like metals, and have the properties of metals. 
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c ules and mctaUmtak IStances in M2 mo,e * 


Li 

Na 

K 

Rb 

Cs 


Distance in 
metal 

(A)_ 

3.04 
3.72 
4.62 
4.86 
5.24 


Distance in 
M 2 molecule 

<M_ 

2.67 
3.08 
3.92 
4.22 
4.50 


Bond lengths 

If the valence electrons in a 

bonds, each bond should be weaker and h P en ad |° Ver number of 

““ ln “» ™“' "> SUI «">"!« .ta in the diatomic 

Though the bonds in the metal are longer and weaker, there are many 
more of them than in the M 2 molecule, so the total bonding energy is 
greater m the metal crystal. This can be seen by comparing the enthalpy 

of sublimation of the metal crystal with the enthalpy of dissipation of the 
m 2 molecules (Table 5.6). 


THEORIES OF BONDING IN METALS 

The bonding and structures adopted by metals and alloys are less fully 
understood than those with ionic and covalent compounds. Any successful 
theory of metallic bonding must explain both the bonding between a large 
number of identical atoms in a pure metal, and the bonding between 
widely different metal atoms in alloys. The theory cannot involve direc¬ 
tional bonds, since most metallic properties remain even when the metal is 
in the liquid state (for example mercury), or when dissolved in a suitable 


Table 5.6 Comparison of enthalpies of subli¬ 
mation and dissociation 



Enthalpy of 

2 enthalpy of 


sublimation 

dissociation 


of metal 

of M 2 molecule 


(kJmor 1 ) 

(kJ mol* 1 ) 

Li 

161 

54 

Na 

108 

38 

K 

90 

26 

Rb 

82 

24 

Cs 

78 

21 


Scanned by (JamScanner 





THE METALLIC BOND 


solvent (for example solutions of sodium in liquid ammonia). Further, the 
theory should explain the great mobility of electrons. 


Free electron theory 

As early as 1900, Drude regarded a metal as a lattice with electrons moving 
through it in much the same way as molecules of a gas are free to move. 
The idea was refined by Lorentz in 1923, who suggested that metals com¬ 
prised a lattice of rigid spheres (positive ions), embedded in a gas of free 
valency electrons which could move in the interstices. This model explains 
the free movement of electrons, and cohesion results from electrostatic 
attraction between the positive ions and the electron cloud. Whilst it does 
explain in a rough qualitative way why an increased number of valency 
electrons results in an increased cohesive energy, quantitative calculations 
are much less successful than similar calculations for the lattice energies of 
ionic compounds. 


U Li—Li 

I 

U Li—U 
(a) 

Li—U Li—Li 
Li— Li U—U 


Li 

I 

Li 


(b) 

Li—Li Li—U 

I 

U* Li—U U 

(c) 

U Li—U—U 

I 

Li Li—Li Li* 

(<J) 

Figure 5.1 Representations of 
some bonding possibilities in 
lithium. 


Valence bond theory 

Consider a simple metal such as lithium, which has a body-centred cubic 
structure, with eight nearest neighbours and six next-nearest neighbours at 
a slightly greater distance. A lithium atom has one electron in its outer 
shell, which may be sharedvwith one of its neighbours, forming a normal 
two-electron bond. The atom could equally well be bonded to any of its 
other eight neighbours, so many different arrangements are possible, and 
Figures 5.1a and b are two examples. 

A lithium atom may form two bonds if it ionizes, and it can then form 
many structures similar to those in Figures 5.1c and d. Pauling suggested 
that the true structure is a mixture of all the many possible bonding forms. 
The more possible structures there are, the lower the energy. This means 
that the cohesive force which holds the structure together is large, and in 
metallic lithium the cohesive energy is three times greater than in a Li 2 
molecule. The cohesive energy increases from Group 1 to 2 to 13, and this 
is explained by the atoms being able to form an increased number of 
bonds, and give an even larger number of possible structures. The pres¬ 
ence of ions could explain the electrical conduction, but the theory does 
not explain the conduction of heat in solids, or the lustre, or the retention 
of metallic properties in the liquid state or in solution. 


Molecular orbital or band theory 

The electronic structure of a lithium atom is 

1 * 2b 2p 

0 □ rr~ 


Scanned by CamScanner 



THEORIES of bonding in metals 


The Li 2 molecule exists in the vanm«r „ . . .. 

_ * • • pour state, and bondinc occurs usinp the 

2s atomic orbita . There are three em„.v ->„ . .. , b , , U5lng ,ne 

, .. ' c lnree empty 2 p orbitals in the va ence shell, 

and the presence of empty AOs is a prerequisite for metallic propert.es 

mnwAOs'n T > ««*'***">. oxygen, fluorine, and neon Si lack 
empty AOs in the valence shell and are all non-metals.) 

The valence shell has more AOs than electrons, so even if the elec¬ 
trons are al used to form normal two-electron bonds, the atom cannot 

attain a noble gas structure. Compounds of this type are termed electron 
deficient. 

Empty AOs may be utilized to form additional bonds in two different 
ways: 


1. Empty AOs may accept lone pairs of electrons from other atoms or 
ligands, forming coordinate bonds. 

2. Cluster compounds may be formed, where each atom shares its few 
electrons with several of its neighbours, and obtains a share in their 
electrons. Clustering occurs in the boron hydrides and carboranes, and 
is a major feature of metals. 


The molecular orbital description of an Li 2 molecule has been discussed 
earlier in Chapter 4, in the examples of MO treatment. There are six 
electrons arranged in molecular orbitals: 

ols 2 , o*l$ 2 , o2 s 2 


Bonding occurs because the o2s bonding MO is full and the corresponding 
antibonding orbital is empty. Ignoring any inner electrons, the Is AOs on 
each of the two Li atoms combine to give two MOs - one bonding and one 
antibonding. The valency electrons occupy the bonding MO (Figure 5.2a). 

Suppose three Li atoms joined to form Lij. Three 2 s AOs would com¬ 
bine to form three MOs - one bonding, one non-bonding and one anti- 
bonding. The energy of the non-bonding MO is between that for the 
bonding and antibonding orbitals. The three valency electrons from the 
three atoms would occupy the bonding MO (two electrons) and the non¬ 
bonding MO (one electron) (Figure 5.2b). 

In Li 4 , the four AOs would form four MOs - two bonding, and two anti¬ 
bonding. The presence of two non-bonding MOs between the bonding and 
antibonding orbitals reduces the energy gap betwee.-. the orbitals. The four 
valency electrons would occupy the two lowest energy MOs. which are 

both bonding orbitals, as shown in Figure 5.2c. 

As the number of electrons in the cluster increases, the spacing between 
the energv levels of the various orbitals decreases further, and when there 
are a large number of atoms, the energy levels of the orbitals are so close 

together that they almost form a continuum (Figure 5.2d). 

The number of MOs must by definition be equal to the number of 
constituent AOs. Since there is only one valence electron per atom in 
lithium, and a MO can hold two electrons, it follows that only half the 
MOs in the 2s valence band arc filled - i.e. the bonding MOs. It requires 
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Antibonding 


Nonbonding 


Bonding 




Many closely spaced 
MO levels constituting 
a band. (Note that 
there are n energy 
levels, and n electrons. 
So the band is only 
half filled) 


Figure 5.2 Development of molecular orbitals into bands in metals. 


only a minute amount of energy to perturb an electron to an unoccupied 
MO. 

The MOs extend in three dimensions over all the atoms in the crystal, so 
electrons have a high degree of mobility. The mobile electrons account for 
the high thermal and electrical conduction of metals. 

If one end of a piece of metal is heated, electrons at that end gain energy 
and move to an unoccupied MO where they can travel rapidly to any other 
part of the metal*, which in turn becomes hot. In an analogous manner, 
electrical conduction takes place through a minor perturbation in energy 
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F'gure 5.3 Two methods by which conduction can occur: (a) metallic molecular 
orbitals for lithium showing half-filled band; (b) metallic molecular orbitals for 
beryllium showing overlapping bands. 


promoting an electron to an unfilled level, where it can move readily! In 
the absence of an electric field, equal numbers of electrons will move in all 
directions. If a positive electrode is placed at one end, and a negative 
electrode at the other, then electrons will move towards the anode much 
more readily than in the opposite direction; hence an electric current flows. 

Conduction occurs because the MOs extend over the whole crystal, and 
because there is effectively no energy gap between the filled and unfilled 
MOs. The absence of an energy gap in lithium is because only half the 
MOs in the valence band are filled with electrons (Figure 5.3a). 

In beryllium there are two valence electrons, so the valence electrons 
would just fill the 2s valence band of MOs. In an isolated beryllium atom, 
the Is and 2 p atomic orbitals differ in energy by 160 kJ mol -1 . In much the 
same way as the 2s AOs form a band of MOs, the 2 p AOs form a 2 p band 
of MOs. The upper part of the 2s band overlaps with the lower part of the 
2 p band (Figure 5.3b). Because of this overlap of the bands some of the 2 p 
band is occupied and some of the 2s band is empty. It is both possible and 
easy to perturb electrons to an unoccupied level in the conduction band, 
where they can move throughout the crystal. Beryllium therefore behaves 
as a metal. It is only because the bands overlap that there is no energy gap, 
so perturbation from the filled valence band to the empty conduction band 
can occur. 


CONDUCTORS, INSULATORS AND SEMICONDUCTORS 

In electrical conductors (metals), either the valence band is only partly 
full, or the valence and conduction bands overlap. There is therefore no 
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significant gap between filled and unfilled MOs, and perturbation can 

occur readily. , „ , 

In insulators (non-metals), the valence band is full, so perturbation 

within the band is impossible, and there is an apprecia e i erence in 
energy (called the band gap) between the valence band an t e next empty 
band. Electrons cannot therefore be promoted to an empty eve w ere 
they could move freely. 

Intrinsic semiconductors are basically insulators, where the energy gap 
between adjacent bands is sufficiently small for thermal energy to be able 
to promote a small number of electrons from the full valence band to the 
empty conduction band. Both the promoted electron in the conduction 
band and the unpaired electron left in the valence band can conduct elec¬ 
tricity. The conductivity of semiconductors increases with temperature, 
because the number of electrons promoted to the conduction band in¬ 
creases as the temperature increases. Both fl-type and ^-type semicon¬ 
ductors are produced by doping an insulator with a suitable impurity. The 
band from the impurity lies in between the valence and conduction bands 
in the insulator, and acts as a bridge, so that electrons may be excited from 
the insulator bands to the impurity bands, or vice versa (Figure 5.4). 
(Defects and semiconductors are discussed at the end of Chapter 3.) 


ALLOYS 

When two metals are heated together, or a metal is mixed with a non- 
metallic element, then one of the following will occur: 

1. An ionic compound may be formed. 

2. An interstitial alloy may be formed. 

3. A substitutional alloy may be formed. 

4. A simple mixture may result. 

Which of these occurs depends on the chemical nature of the two elements 
concerned, and on the relative sizes of the metal atoms and added atoms. 


Ionic compounds 

Consider first the chemical nature of the two elements. If an element of 
high electronegativity (e.g. F 4.0, Cl 3.0 or O 3.5) is added to a metal of 
low electronegativity (e.g. Li 1.0, Na 0.9). the product will be ionic, not 
metallic. 


Interstitial alloys and related compounds 

Next consider the relative sizes of the atoms. The structure of many metals 
is a close-packed lattice of spherical atoms or ions. There are therefore 
many tetrahedral and octahedral holes. If the element added has small 
atoms, they can be accommodated in these holes without altering the 
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Figure 5.4 Conductors, insulators, impurity and intrinsic semiconductors. 


structure of the metal. Hydrogen is small enough to occupy tetrahedral 
holes, but most other elements occupy the larger octahedral holes. 

The invading atoms occupy interstitial positions in the metal lattice, 
instead of replacing the metal atoms. The chemical composition of com¬ 
pounds of this type may vary over a wide range depending on how many 
holes are occupied. Such alloys are called interstitial solid solutions, and 
*re formed by a wide range of metals with hydrogen, boron, carbon, 
nitrogen and other elements. The most important factor is the size of the 
invading atoms. For octahedral holes to be occupied, the radius ratio of 
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the smaller atom/larger atom should be in the range 0.414-0 732 The 

It still looks like a metal, and still conducts heat and electricity However 
aimg some of the holes has a considerable effect on the physicaToro 

SS’bS" 2„I h ho! ardn T’ malleabil, * y and ducli,i *y of the metal. 
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and liquid. A similar triDle nr>;„» ’ between Y-ferrite, iron carbide 
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g " U ,s called a eutectoid point. A solid with the 
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pearlite. This is a mixture nnt ^ ernte and iron carbide) is called 
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when examined under a microsrnn* moth er-of-pearl-like appearance 
the different allotropic forms of L he va ^ l0us solid regions a, y, 6 are 
carbon in interstitial positions ° *** & contain vai Y»ng amounts of 
Steel contains up to 2% carbon Th 

and more brittle the alloy. When * t ^i 6 ™ ore carbon present, the harder 
which can be hot rolled, bent or pressed,'m ’ ” lid f<>rmS aus,eni,e - 
cooling, the phases separate, and the wavinwhT 5 equ,red ° n 

out affects the grain size and the mechanical , ^ £° ling is carried 
steel can be changed by heat treatment u P opertles ; Th e properties of 

Cast iron contains more than 2% carbolflron carbfd'" 8 ^ tempering - 
and brittle. Heating cast iron does not nrr.H 6 d !' S eXtremely hard> 
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, nd liquid mu ; t 
Substitutional alloys 

If two metals are completely miscible with each other thev can form , 
K/ n Rb K/r "T-i, S0lUti0nS ' Exam P'« -dude Cu/lS CuZ 
at random m"he lattice CaSCS ^ °" e a ‘° m may re P ,ace an °“>« 

exLl'Si^rr: te T ratUr ? S abOVe 450 ° C a diswd «cd structure 
exists (Figure 5.7c), but on slow cooling the more ordered superlattice mav 

be formed (Figure 5.7d). Only a few metals form this type of continuous 

solid solution, and Hume-Rothery has shown that for complete miscibility 

the following three rules should apply. } 




CU Ni 

% nickel (by weight) 

Figure 5.6 Cu/Ni - a continuous series of solid solutions. (After W.J. Moore 
Physical Chemistry.) 
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Rpwe S.7 Metal and alloy structures: (a) pure metal lattice; (b) interstitial alloy 
(X atoms occupy mterstitial positions); (c) random substitutional allov and (dl 
superlattice (ordered substitutional alloy). ' v ' 


1. The two metals must be similar in size - their metallic radii must not 
differ by more than 14-15%. 

2. Both metals must have the same crystal structure. 

3. The chemical properties of the metals must be similar - in particular the 
number of valency electrons should be the same. 


Consider an alloy of Cu and Au. The metallic radii differ by only 12.5%, 
both have cubic close-packed structures, and both have similar properties 
since they are in the same vertical group in the periodic table. The two 
metals are therefore completely miscible. The Group 1 elements are 
chemically similar, and all have body-centred cubic structures. The size 
differences between adjacent pairs of atoms are Li-Na 22.4%, Na-K 
22.0%, K-Rb 9.3% and Rb-Cs 6.9%. Because of the size difference, 
complete miscibility is found with K/Rb and Rb/Cs alloys, but not with 
Li/Na and Na/K alloys. 

If only one or two of these rules is satisfied then random substitutional 
solid solutions will only occur over a very limited range at the two extremes 
of composition. 


Consider alloys of tin and lead. The radii differ by only 8.0%, and they 
are both in Group 14, and so have similar properties. However, their 
structures arc different, so they are only partly miscible. (See Figure 5.8.) 

?? de J ** a " a J loy ° f Sn and Pb typically about 30% Sn, but it may 
nave z-63 /« Sn. The phase diagram is shown in Figure 5.8. There are two 
ma areas of complete miscibility, labelled a and fi, at the extremes of 
po n a c extreme left and right of the diagram. With plumbers’ 
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Table 5.7 Metallic radii of the elements (A) (for 12-coordination) 


Li 

Be 



1.52 

1.12 



Na 

Mg 



1.86 

1.60 



K 

Ca 

Sc 

Ti 

2.27 

1.97 1 

1.64 

1.47 

Rh 

Sr 

Y 

Zr 

2.4K 

2.15 

1.82 

1.60 

Cs 

Ba 

La 

Ilf 

2.65 

2.22 

1.87 

1.59 


V 

Cr 

Mn 

Fe 

1.35 

1.29 

1.37 

1.26 

Nb 

Mo 

Tc 

Ru 

1.47 

1.40 

1.35 

1.34 

Ta 

W 

Re 

Os 

1.47 

1.41 

1.37 

1.35 


Co 

Ni 

Cu 

Zn 

1.25 

1.25 

1.28 

1.37 

Rh 

Pd 

Ag 

Cd 

1.34 

1.37 

1.44 

1.52 

Ir 

Pt 

Au 

Hg 

1.36 

1.39 

1.44 

1.57 


B 

C 

N 


0.89 

0.91 

0.92 


Al 

Si 

P 

S 

1.43 

1.32 

1.28 

1.27 

Ga 

Ge 

As 

Se 

1.23 

1.37 

1.39 

1 1.40 

In 

Sn 

Sb 

Te 

1.67 

1.62 

1.59 

1.60 

TI 

Pb 

Bi 

Po 

1.70 

1 75 

1.70 

1.76 
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Figure 5.8 Phase diagram for Sn/Pb showing partial miscibility, and only a limited 
range of solid solutions. (The eutectic occurs at 62% Sn, and eutectoid points occur 
at 19.5% Sn and 97.4% Sn.) 


solder (30% Sn. 70% Pb), the liquid and solid curves are far apart, so that 
there is a temperature interval of nearly 100 °C over which the solder is 
pasty, with solid solution suspended in liquid. When in this part-solid 
part-liquid state, a solder joint can be ‘wiped’ smooth. 

Similar behaviour is found with the Na/K alloy, and the Al/Cu alloy. 
The metallic radii of Na and K differ by 22.0%, so despite their structural 
and chemibal similarities they only form solid solutions over a limited 
range of composition. 

In other cases where only a limited range of solid solutions are formed, 
the tendency of the different metals to form compounds instead of solu¬ 
tions is important. One or more intermetallic phases may exist, each of 
which behaves as a compound of the constituent metals, though the exact 
stoichiometry may vary over a limited range. For example, in the Cu/Zn 
system the metallic radii differ by only 7.0%, but they have different 
structures (Cu is cubic close-packed and Zn is hexagonal close-packed), 
and they have a different number of valence electrons. Only a limited 
range of solid solutions is expected, but the atoms have a strong tendency 
to form compounds, and five different structures may be distinguished, as 
shown in Table 5:8. 
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Table 5.8 Table of intermetallic phases 


Phase 

Zn Composition 

Structure 

a 

0-35% 

Random substitutional solid solution of Zn in Cu 

p 

45-50% 

Intermetallic compound of approximate 
stoichiometry CuZn. 

Structure body-centred cubic 

Y 

60-65% 

Intermetallic compound of approximate 
stoichiometry Cu 5 Zn 8 . 

Structure complex cubic 

E 

82-88% 

Intermetallic compound of approximate 
stoichiometry CuZn 3 . 

Structure hexagonal close-packed 

*1 

97-100% 

Random substitutional solid solution of Cu in Zn 
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Table 5»9 Some intermctallic compounds with various 
ratios of valency electrons to number of atoms 


Ideal formula No. of valency electrons 

No. of atoms 


CuZn 

CujAl 

Cu,Sn 

AgZn 

Cu s Si 

Ag,Al 

CoZn 3 

Cu 5 Zn„ 

C09AI4 

Na 3 ,Pb 8 

Co 5 Zn 2 ] 

CuZn 3 

Cu 3 Si 

AgsAl^ 

AU5AI3 


3/2 

6/4 = 3/2 
9/6 = 3/2 
3/2 

9/6 = 3/2 
6/4 = 3/2 
3/2* 


[ 0 phases 


21/13 ] 

21/13 . 

21/13 | Y P hascs 
21/13* J 


7/4 

7/4 

14/8 = 7/4 
14/8 = 7/4 


j e phases 


* Metals of the Fe, Co and Ni groups are assumed to 
have zero valence electrons for metallic bonding. 


The relation between the various phases is shown in the phase diagram 
(Ftgure 5.9) Each phase can be represented by a typical composition or 
ideal formula, even though it exists over a range of composition. Hume- 
Rothery studied the compositions of the phases formed and found that the 
P phase always occurs in alloys when the ratio of the sum of the valency 
electrons to the number of atoms is 3:2. In a similar way the y phase 
always occurs when the ratio is 21:13, and the r, phase always occur when 
theratio is 7:4. irrespective of the particular metals involved (Table 5.9) 
The explanation of why similar binary metallic phases are formed at 
similar electron to atom ratios is not fully understood, but seems to lie in 
ing the electronic bands in such a way as to give the minimum energy. 



superconductivity 

Metals are good conductors of electricity, and their conductivity increases 
as the temperature is lowered. In 1911 the Dutch scientist HeiL£.™!! 
lingh Onnes discovered that metals such a* Ho o„h du u * e ^ amer “ 

ductors at temperatures nearS ute zero a® beCame SUpereon ' 

almost zero electrical resi«»aiu>« r. , ' ^ superconductor has zero or 

without losing energy and in nrinrin| a, ti! erefore carry an electric current 
■s a critical feSure T CUrrent can flow for ever. There 

superconduction occurs Later Mei« * **l ,s * ance dro Ps sharply and 
superconducting materials wili not pX? SSflSt 
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their bulk. This is now called • 

tation’. Levitation occurs when ^'T 1, effect ’ and gives rise ,0 ,evi ‘ 
by the mutual repulsion between ,CCtS fl ° a * ° n air ' Th “ can achieved 
ductor. A superconductor also !" agnet and a su P crcon ' 

from unpaired electrons) so ..mi* J lnternal magnetic fields (arising 

cases the change in magnetic Dro^H^ 010 * diamagne,ic ' ,n man y 
creased electrical conductivity sinr^th' 6 * CaSler t0 de,ect than the in * 
magnetic fields may destroy the su^ 6 P . assage of h,gh curTents or s ‘rong 
critical current and S ‘ a,e ' Th “ S ,here is also a 

.-.kSSLW,®" - *— St££ , T c of 

1950s Considerable eff lqU ' he ‘ um to C001 '*• has been known since the 

suSconduc ors a, hi f been pu ‘ imo finding all °y s which are 

nSTtSlT h ghCr '? rnperatures - All °y s of NbjSn, Nb 3 Ge, Nb 3 AJ 
fntiy«me ,^?l SUpC T, O UC ‘ iVi,y and have ^ values of about 20 K. It is 
Nh « H a ° ys al1 have ,he same O-tungsten structure. The 

Nh 3 Sn and and Nb 3 Ge alloys have T c values of 22 K and 24 K respectively. 

These alloys are used to make the wire for extremely powerful electro- 
magnets. These magnets have a variety of uses! 

1. In linear accelerators used as atom smashers for high energy particle 
physics research 

2. In nuclear fusion research to make powerful magnetic fields which act 
as a magnetic bottle for a plasma 

3. For military purposes 

4. For nuclear magnetic resonance machines in chemical laboratories and 
for imaging (which is used in diagnostic medicine). 

An extremely high current can be passed through a very fine wire made 
of a superconductor. Thus small coils with a large number of turns can be 
used to make extremely powerful high field electromagnets. Because the 
superconductor has effectively zero resistance, the wire does not get hot. 
Since there is no current loss, once the current is flowing in the coil it 
continues indefinitely. For example, in large superconducting magnets 
used in plasma research, the current used by a Nb/Ta superconducting 
alloy at 4K was only 0.3% of the current used in an electromagnet of 
similar power using copper wire for the metal turns. A major obstacle to 
the widespread use of these low temperature superconductors has been the 
very low value of the transition temperature T c . The only way of attaining 
these low temperatures was to use liquid helium, which is^very 
The first non-metallic superconductor was found in 1964. ™ ls 
metal oxide with a perovskite crystal structure and is a d, ^ r * m ° f 
superconductor from the alloys. It was of no practical use since the T c 

“t* Mro.sVite structure is formed by compounds of formula ABO,. 
wtS! rSufio. stutes of A and B adrI up » <■. B«»pBs md£ 

B.TIO,. CaTiO, - 25 “re S the 



Figure 5.10 Pero 
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o O. vacancy • Cu 



CuBa0 7 -jr 


CuY0 7 _ x 


0uBaO 7 _ jr 


Figure 5.11 The 1-2-3 
structure of ¥ 83201307 -*. 


located half-way along each of the edges of the cube. Thus the Ca 2+ has 
a coordination number of 12 since it is surrounded by 12 O atoms, and 
the Ti 4 * are surrounded octahedraliy by 6 O atoms. This structure is 
illustrated in Figure 5.10. 

Superconductivity has also been observed in certain organic materials 
with flat molecules stacked on top of each other, and in certain sulphides 
called Chevrel compounds. 

In 1986 Georg Bednorz and Alex Muller (who were working for IBM in 
Zurich, Switzerland) reported a new type of superconductor with a T c 
value of 35 K. This temperature was appreciably higher than that for the 
alloys. This compound is a mixed oxide in the Ba-La-Cu-O system. 
Though originally given a different formula, it has now been reformulated 
as La (2 -jr)B a jrCuO( 4 _ > ,) where x is between 0.15 and 0.20 and y is small. 
This compound has a perovskite structure based on La 2 Cu0 4 . Though 
La 2 Cu0 4 itself is non-conducting, superconductors can be made by re¬ 
placing 7.5-10% of the La 3 * ions by Ba 2 *. There is a small deficiency of 
O 2 ". It seems reasonable that the oxygen loss from the lattice is balanced 
by the reduction of an easily reducible metal cation, in this case Cu 3 *. 

0(i7«ice) i0 2 + 2e 

2Cu 3 * + 2e -> 2Cu 2 * 

The publication of this paper stimulated enormous interest in ‘ceramic’ 
superconductors and a flood of papers was published in 1987. Different 
laboratories prepared similar compounds, replacing Ba 2 * with Ca 2 * or 
Sr 2 *, substituting different lanthanides, and varying the preparative 
conditions to control the amount of oxygen. In the main syntheses stoi¬ 
chiometric quantities of the appropriate metal oxides or carbonates are 
heated in air, cooled, ground, heated in dioxygen and annealed. Com¬ 
pounds were made with T c values of about 50 K. Bednorz and Muller were 
awarded the Nobel Prize for Physics in 1987. 

Another very significant superconducting system based on the Y-Ba- 
Cu-O system was reported in March 1987 by Wu, Chu and coworkers. 
This was important because it was the first report of a superconductor 
which worked at 93 K. This temperature was significant for practical 
reasons. It allows liquid nitrogen (boiling point 77 K) to be used as coolant 
rather than the more expensive liquid helium. The compound is formu¬ 
lated as YBa 2 Cu 307 _ x . This is called the 1-2-3 system because of the 
ratio of the metals present. Like the previous La 2 Cu0 4 system, the 1-2-3 
structure contains Cu and is based on a perovskite structure. This com¬ 
prises three cubic perovskite units stacked one on top of the other, giving 
an elongated (tetragonal) unit cell. 
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The upper and lower cubes have a 

and the smaller Cu 2+ ions * u ° a l0n at the body-centred position 
has a Y 3 * ion at the body f "*“■ The midd,e cube » similar but 

AB0 3 , and the stoichiometry of . . perovskite structure has the formula 
Since the formula actually found t* Y°rT W ° U ' d 66 YBa ^u,0 9 . 

oxygen deficiency, and about one quarter of d^° 7 "'’ ‘ here “ 3 maSS ' Ve 
are vacant. In a perovskite cube f °! the oxygen s,tes ,n ,he crystal 

the 12 edges of the cube Neuron diffrl', a,0n * each of 

are ordered. All the O which should h 0n shows that the 0 vacancies 
the z axis as the Y atom arc a£“ ha ^ ZZV' "* u > 
between the Ba planes are also missing ° * around Cu and 

sutefifuted'for^^in^'-Z-^structures V^’ ft “ d ^ ^ *“ 

establishetl. These are “ P ‘° ^ 

In 1988 new systems were reported using Bi or T1 in^aH nf » 
thanides. For example, in the system Bi 2 Sr 2 Ca, n Cu O comnn ^ 
are known where . is 1, 2, 3 and 4. Wes/Sft^ 

and have T e values of 12K, 80K, 110K and 90K restively. HmSar 

ofWK m S K ad^no'r ,,CU '’ 0(J " +4 » arC kn ° Wn wi,h ^ values 

of 90 K, 110 K, 122 K and 119K respectively. There are claims that the 

compound Bij 7 Pb 0 . 2 Sb 0 .|Sr 2 Ca 2 Cu 2 gO^ has a T c value of 164 K 
BaBi0 3 has a perovskite structure, but is not a superconductor How¬ 
ever, replacing some of the Ba sites with K, or replacing some of the Bi 
sites with Pb, gives other superconducting phases such as K x Ba <1 _ x) Bi0 3 
and BaPb (1 _ x) Bi x 0 3 . These compounds have relatively low T c values, but 
are of theoretical interest because they do not contain Cu or a lanthanide 
element. 

The race to discover superconductors which work at higher tempera¬ 
tures continues. The prospect of making superconductors which work at 
room temperature will continue to attract attention, since its technical 
applications have great financial benefits. What are these potential 
uses? 


1. The possibility of power transmission using a superconductor is highly 
attractive. There are obvious difficulties about making long cables from 
a ceramic material. However, low loss transmission of DC through 
resistanceless cables from electricity generating power stations rather 
than AC through normal wire is economically attractive. 

2. Use in computers. One of the biggest difficulties in further minia¬ 
turization of computer chips is how to get rid of unwanted heat. If 
superconductors were used, the heat problems would be dramatically 
reduced. The greater speed of chips is hindered by the time it takes to 
charge a capacitor, due to the resistance of the interconnecting metal 
film. Superconductors could lead to faster chips. 

3. Powerful electromagnets using superconducting windings are already 
used. It would be much easier to do this at higher temperatures. 

4. Levitation - much pioneering work was done by Eric Laithwaite at 
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Imperial College on linear motors, and a prototype of a train which 
floats on a magnetic field has been built in Japan. 

Superconductivity of metals and alloys is thought to involve two elec¬ 
trons at a time (Bardeen etal ., 1957; Ogg, 1946). There is no one accepted 
explanation of how high temperature superconduction occurs in these 
mixed oxide (ceramic) systems. However, it seems appropriate to draw 
together the apparent facts at this time: 

1. Many, but not all, warm superconductors contain Cu. Two features of 
Cu chemistry are that it exists in three oxidation states, ( + 1), ( + 11) and 
(+III), and that Cu(II) forms many tetragonally distorted octahedral 
complexes. Both of these factors may be important. In the La 2 Cu0 4 
compounds some Ba 2 * ions are substituted for La 3 *. To balance the 
charges some Cu(II) atoms change into Cu(III). Superconductivity in 
this system is thought to involve the transfer of electrons from Cu(II) to 
Cu(III), but if the process involves two electrons as in the metal super¬ 
conductors it could involve electron transfer from Cu(I) to Cu(III). 

2. It is also 'significant that these superconductors are all related to the 
perovskite structure. 

3. Another common feature is that the oxygen deficiency seems to be 
critical. There is strong evidence from neutron diffraction that the 
vacancies left by missing O are ordered. It seems reasonable to sup¬ 
pose that, since Cu is normally octahedrally surrounded by six O 
atoms, when an O vacancy occurs (that is when an O is omitted), then 
two Cu atoms may interact directly with each other. Interactions such 
as Cu n -Cu ,n or Cu f -Cu ni could occur by transferring an elec¬ 
tron between the two Cu atoms. Similarly superconductivity in the 
YBa 2 Cu 3 07 _ jr is thought to be associated with the ready transfer of 
electrons between Cu(I), Cu(II) and Cu(III). 
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PROBLEMS 

1. List the physical and chemical properties associated with metals. 

2. Name and draw the three common crystaLstructures adopted by metals. 

3. Aluminium has a face-centred cubic structure. The unit cell length is 
4.05 A. Calculate the radius of Al in the metal. (Answer: 1.43 A.) 

4. Explain why the electrical conductivity of a metal decreases as the 
temperature is raised, but the opposite occurs with semiconductors. 

5. Describe the structures of interstitial and substitutional alloys and 
outline the factors determining which is formed. 

6. What is superconductivity? What uses and potential uses are there for 
superconductors? What types of materials are superconductors. 
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General properties of 
the elements 


SIZE OF ATOMS AND IONS 
Size of atoms 

The size of atoms decreases from left to right across a period in the periodic 
table. For example, on moving from lithium to beryllium one extra positive 
charge is added to the nucleus, and an extra orbital electron is also added. 
Increasing the nuclear charge results in all of the orbital electrons being 
pulled closer to the nucleus. In a given period, the alkali metal is the largest 
atom and the halogen the smallest. When a horizontal period contains ten 
transition elements the contraction in size is larger, and when in addition 
there are 14 inner transition elements in a horizontal period, the contrac¬ 
tion in size is even more marked. 

On descending a group in the periodic table such as that containing 
lithium, sodium, potassium, rubidium and caesium, the sizes of the atoms 
increase due to the effect of extra shells of electrons being added: this 
outweighs the effect of increased nuclear charge. 


Size of ions 

Metals usually form positive ions. These are formed by removing one or 
more electrons from the metal atom. Metal ions aTe smaller than the atoms 
from which they were formed for two reasons: 

1. The whole of the outer shell of electrons is usually ionized, i.e. 

removed. This is one reason why cations are much smaller than the 
original metal atom. 

2. A second factor is the effective nuclear charge. In an atom, the number 
of positive charges on the nucleus is exactly the same as the number of 
orbital electrons. When a positive ion is formed, the number of positive 
charges on the nucleus exceeds the number of orbital electrons, and the 
effective nuclear charge (which is the ratio of the number of charges on 
the nucleus to the number of electrons) is increased. This results in the 
remaining electrons being more strongly attracted by the nucleus. Thus 
the electrons are pulled in - further reducing the size. 
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Table 6.1 Covalent radii of the elements 




Rb 

Sr 

• 

• 

2.16 

1.91 

Cs 

Ba 

• 

• 

2.35 

1.98 

Fr 

Ra 


3 

4 

5 

6 

Group 

7 8 

9 

10 

11 

12 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1.44 

1.32 

1.22 

1.17 

1.17 

1.17 

1.16 

1.15 

1.17 

1.25 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1.62 

1.45 

1.34 

1.29 

- 

1.24 

1.25 

1.28 

1.34 

1.41 

La 

Hf 

Ta 

W 

Re 

Os 

lr 

Pt 

Au 

Hg 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1.69 

1.44 

1.34 

1.30 

1.28 

1.26 

1.26 

1.29 

1.34 

1.44 


13 14 15 16 17 18 


H He 
-0.30 1.20* 


B C N O F Ne 
• • • • 9 

0.80 0.77 0.74 0.74 0.72 1.60* 


Al Si PS Cl Ar 

• • • • # 

12 1.25 1.17 1.10 1.04 0.99 1.91* 


Br Kr 

1.14 2.00* 


I Xe 

• 

1.33 2.20* 

J 


At Rn 


Sn Sb Te 

• • • 



Lanthanides 


Ce 

Pr 

Nd 

Pm Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1.65 

1.64 

1.64 

1.66 

1.85 

1.61 

1.59 

1.59 

1.58 

1.57 

1.56 

1.70 

1.56 


COVALENT RADII OF THE ELEMENTS 

value' are riven in Angstrom units. * The values for the noble gases are atomic radii, i.e. non-bonded radii, and should be compared 
withTan der Waals radii rather than with covalent bonded radii. Urge circles indicate large radii and small circles small radii.) 

After Moeller. T., Inorganic Chemistry , Wiley 1952 
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GENERAL PROPERTIES OF THE ELEMENTS 


A positive ion is always smaller than the corresponding atom, and th e 
more electrons which are removed (that is, the greater the charge on the 
ion), the smaller the ion becomes. 

Metallic radius Na 1.86 A Atomic radius Fe 1.17 A 

Ionic radius Na* 1.02 A Ionic radius Fe 2 * 0.780 A (high spin) 

Ionic radius Fe 3 * 0.645 A (high spin) 

When a negative ion is formed, one or more electrons are added to an 
atom, the effective nuclear charge is reduced and hence the electron cloud 
expands. Negative ions are bigger than the corresponding atom. 

Covalent radius Cl 0.99 A 
Ionic radius G" 1.84A 


Problems with ionic radii 

There are several problems in obtaining an accurate set of ionic radii. 

1. Though it is possible to measure the internuclear distances in a crystal 
very accurately by X-ray diffraction, for example the distance between 
Na* and F“ in NaF, there is no universally accepted formula for 
apportioning this to the two ions. Historically several different sets of 
ionic radii have been estimated. The main ones are by Goldschmidt, 
Pauling and Ahrens. These are all calculated from observed inter¬ 
nuclear distances, but differ in the method used to split the distance 
between the ions.- The most recent values, which are probably the most 
accurate, are by Shannon (1976). 

2. Corrections to these radii are necessary if the charge on the ion is 
changed. 

3. Corrections must also be made for the coordination number, and the 
geometry. 

4. The assumption that ions are spherical is probably true for ions from 
the 5- and p-blocks with a noble gas configuration, but is probably 
untrue for transition metal ions with an incomplete d shell. 

5. In some cases there is extensive delocalization of d electrons, for 
example in TiO where they give rise to metallic conduction, or in cluster 
compounds. This also changes the radii. 

Thus ionic radii are not absolute constants, and are best seen as a working 

approximation. 

Trends in ionic radii 

Irrespective of which set of ionic radii are used, the following trends are 

observed: 

1. In the main groups, radii increase on descending the group, e.g. 
Ci + = 0.76A, Na + = 1.02A, K* = 1.38A, because extra shells of 
electrons are added. 




IONIZATION ENERGIES 


2. The ionic radii decrease mo ' 

the periodic table e 2 /n-JV 611 to / Ight across any period in 

0.535 A. This is panl y 8 due t „T h 02A ' Mg = 0 720A a " d AI J * = 
nucleus, and also to the increasin m ? i reased number of charges on the 

3. The ionic radius decrease as ^ ° n ,he ions - 

the valency increases, e g Ct 2 * -VsnT/k* ,onized . off - ,hat is as 

. 2fV °7A c,a ' ■ - «T’- CH ’' 06|U - 

Him Itae "* Cl '*' 8 ' V " y ef, ' c ' ivel v 

14/electrons have been filled in Th *? * * * ,ZC ° f ' ons Just a * ,er 10d or 

traction, and resultsTn ,SS sl es rt< he T "Z** *? lamhanide co "' 

elements being almost the same J h S< * ond a " d ,h ‘ rd rOW ,ransi,ion 
g dimosi ine same. This is discussed in Chapter 30. 
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IONIZATION ENERGIES 


bL a D mmll l !rr t |, 0f K ener8y iS Supplied ,0 an a,0m - ,hen an electron may 
be promoted to a higher energy level, but if the amount of energy supplied 

i su cient y arge the electron may be completely removed. The energy 

required to remove the most loosely bound electron from an isolated 

gaseous atom is called the ionization energy. 

Ionization energies are determined from spectra and are measured in 
kJmol . It is possible to remove more than one electron from most 
atoms. The first ionization energy is the energy required to remove the first 
electron and convert M to M*; the second ionization energy is the energy 
required to remove the second electron and convert M + to M 2+ ; the third 
ionization energy converts M 2 * to M 3 *, and so on. 

The factors that influence the ionization energy are: 


1. The size of the atom. 

2. The charge on the nucleus. 

3. How effectively the inner electron shells screen the nuclear charge. 

4. The type of electron involved (j, p, d or /). 


These factors are usually interrelated. In a small atom the electrons are 
tightly held, whilst in a larger atom the electrons are less strongly held. 
Thus the ionization energy decreases as the size of the atoms increases. 


Table 6.2 Ionization energies for Group I and 2 elements (kJ mol' 1 ) 



1st 

2nd 


1st 

2nd 

3rd 

Li 


7296 

Be 

899 

1757 

14847 

Na 

496 

4563 

Mg 

737 

1450 

7731 

K 

419 

3069 

Ca 

590 

1145 

4910 

Rb 

403 

2650 

Sr 

549 

1064 

4207 

Cs 

376 

2420 

Ba 

503 

965 

3281* 

Fr 

Ra 

509 

979 


* Estimated value. 
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. , ovimDle by Group 1 and Group 2 elements (see 
This trend is shown, for examp^ gmups 

Table 6.2). and also y second ion ization energies for the Group | 

Comparison of the « of a second electron involves a great deal 

elements shows that ^ tjmes more than the firsI ionization energy, 

more energy, betwee energy is so high, a second electron is not 

Because the second the first and second ionization 

removed. The large of the Group I atoms. These atoms have 

jusTone electron in°their outer shell. Whilst it is relatively easy to remove 
just oneelectr j( requjres much more energy to remove a second 

th . e t mn 6 since this involves breaking into a filled shell of electrons. 

The ionization energies for the Group 2 elements show that the firs, 
ionization energy is almost double the value for the correspond,ng Group 1 
element This is because the increased nuclear charge results in a smaller 
2* fo r the Group 2 element. Once the first electron has been removed, 
he ratio of charges on the nucleus to the number of orbital electrons (the 
effective nuclear charge) is increased, and this reduces the size. For 
example Mg + is smaller than the Mg atom. Thus the remaining electrons 
in Me + are even more tightly held, and consequently the second ionization 
energy is greater than the first. Removal of a third electron from a Group 
2 element is very much harder for two reasons. 

1 The effective nuclear charge has increased, and hence the remaining 
electrons are more tightly held. 

2 Removing another electron would involve breaking a completed shell of 
electrons. 

The ionization energy also depends on the type of electron which is 
removed. 5, p, d and/electrons have orbitals with different shapes. An s 
electron penetrates nearer to the nucleus, and is therefore more tightly 
held than a p electron. For similar reasons a p electron is more tightly held 
than a d electron, and a d electron is more tightly held than an / 
electron.Other factors being equal, the ionization energies are in the order 
s > p > d > f. Thus the increase in ionization energy is not quite smooth 
on moving from left to right in the periodic table. For example, the first 
ionization energy for a Group 13 element (where a p electron is being 
removed) is actually less than that for the adjacent Group 2 clement 
(where an s electron is being removed). 

In general, the ionization energy decreases on descending a group and 
increases on crossing a period. Removal of successive electrons becomes 


Table 6.3 Comparison of some first ionization energies (kJ mol" 1 ) 


Li 

Be 

B 

C 

N 

O 

F 

520 

899 

801 

1086 

1403 

1410 

1681 

Na 

Mg 

Al 

Si 

P 

S 

Cl 

496 

737 

577 

786 

1012 

999 

1255 
















FIRST IONIZATION ENERGIES OF THE ELEMENTS 
(Numerical values are given in kJ mol -1 .) 

(Large circles indicate high values and small circles low values.) 
After Sanderson, R.T., Chemical Periodicity, Reinhold, New York. 
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GENERAL PROPERTIES OF THE ELEMENTS 



Atomic number 

Figure 6.1 First ionization energies of the elements. 


more difficult and first ionization energy < second ionization energy < 
third ionization energy. There are a number of deviations from these 
generalizations. 

The variation in the first ionization energies of the elements are shown in 
Figure 6.1. The graph shows three features: 

1. The noble gases He, Ne, Ar, Kr, Xe and Rn have the highest ionization 
energies in their respective periods. 

2. The Group 1 metals Li, Na, K and Rb have the lowest ionization 
energies in their respective periods. 

3. There is a general upward trend in ionization energy within a horizontal 
period, for example from Li to Ne or from Na to Ar. 

The values for Ne and Ar are the highest in their periods because a great 

eal of energy is required to remove an electron from a stable filled shell of 
electrons. 

The graph does not increase smoothly. The values for Be and Mg are 
high, and this is attributed to the stability of a filled 5 level. The values for 
N and P are also high, and this indicates that a half-filled /? level is also 
particularly stable. The values for B and Al are lov.e r because removal of 
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electron affinity 


one electron leaves a stable filled ^ . .. 

half-filled p shell is left. ’ anc ^ s,mi * ar Jy with O and S a stable 


Electron* arrangements with extra staMity 



Filled s level 




P 




Half-filled p level 


Completely full - noble gas structure 



In general the first ionization energy decreases in a regular way on 
descending the main groups. A departure from this trend occurs in Group 
13, where the expected decrease occurs between B and Al, but the values 
for the remaining elements Ga, In and Tl do not continue the trend, and 
are irregular. The reason for the change at Ga is that it is preceded by ten 
elements of the first transition series (where the 3 d shell is being filled). 
This makes Ga smaller than it would otherwise be. A similar effect is 
observed with the second and third transition series, and the presence of 
the three transition series not only has a marked effect on the values for 
Ga, In and Tl, but the effect still shows in Groups 14 and 15. 


Table 6.5 Ionization energies for Group 13 
elements (kJ mol -1 ) 



1st 

2nd 

3rd 

B 

KOI 

2427 

3659 

Al 

577 

1816 

2744 

Ga 

579 

1979 

2962 

In 

558 

1820 

2704 

Tl 

5K9 

1971 

2877 


The ionization energies of the transition elements are slightly irregular, 
but the third row elements starting at Hf have lower values than would be 
expected due to the interpolation of the 14 lanthanide elements between 

La and Hf. 


ELECTRON AFFINITY 

piArtron is added to a neutral gaseous 
The enerev re eased when an extra electron is ® .. . 

atom is"e^d the electron affinity. Usually only one elec,ronis added 
forming a uninegative ion. Since energy is evolved these terms have a 
negative sign. Electron affinities depend on the size and effective nuclear 
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Tabic 6.6 Some electron affinity values (kJ mol ') 


H -♦ H" -72 
He — He" 54 


Li - Li" 

-57 

Na —> Na 

-21 

| 

Be —> Be - 

66 

Mg -> Mg' 

67 


B -B‘ 

-15 

Al — Al" 

-26 


C ->C' 

-121 

Si —> Si" 

-135 


N -> N" 

31 

P — P" 

-60 


o —hcr 

-142 

S — S" 

-200 


o — o 2 - 

702 

S — S 2 " 

332 


F ■ c~ 

Ne -» Ne‘ 

-333 

99 

Cl - Cl" 

-348 

Br — Br" -324 


charge. They cannot be determined directly, but are obtained indirectly 
from the Born-Haber cycle. 

Negative electron affinity values indicate that energy is given out when 
the atom accepts an electron. The above values show that the halogens all 
evolve a large amount of energy on forming negative halide ions, and it is 
not surprising that these ions occur in a large number of compounds. 

Energy is evolved when one electron is added to an O or S atom, 
forming the species O" and S", but a substantial amount of energy is 
absorbed when two electrons are added to form O 2 " and S 2 ~ ions. Thus the 
electron affinities for O-O 2 ” and S-S 2 “ have a positive sign. Even 
though it requires energy to form these divalent ions, compounds contain¬ 
ing these ions are known. It follows that the energy required to form the 
ions must come from some other process, such as the lattice energy when 
the ions are packed together in a regular way to form a crystalline solid, or 
from solvation energy in solution. It is always dangerous to consider one 
energy term in isolation, and a complete energy cycle should be considered 
whenever possible. 

BORN-HABER CYCLE 

This cycle devised by Bom and Haber in 1919 relates the lattice energy 
of a crystal to other thermochemical data. The energy terms involved in 
building a crystal lattice such as sodium chloride may be taken in steps. The 
elements in their standard state are first converted to gaseous atoms, and 
then to ions, and finally packed into the crystal lattice. 

The enthalpies of sublimation and dissociation and the ionization energy 
are positive since energy is supplied to the system. The electron affinity and 
lattice energy are negative since energy is evolved in these processes. 

According to Hess s law, the overall energy change in a process depends 
only on the energy of the initial and final states and not on the route taken. 
As can be seen from Fig. 6.2 the enthalpy of formation of AH, is the 
algebraic sum of the terms going round the cycle (paying heed to the 
exothermic or endothermic nature of each step). 

AH, = AH, + 1 + \AH a + E + U 


BORN-KABER CYCLE 


+000 * 


Energy 

(kJmol" 1 ) 


+400 


Na (‘al + Cl,„ -- 

2 Enthalpy of 
dissociation 
AH d 

+ ^Cl 2( g) 

Ionization energy 
(/) 

N®<0) + ^Cl 2 (g) 


Enthalpy of sublimation 



-400 


-EZ N®(*) + ici 2 (g) 


Enthalpy of 
formation 
IAH.) 



Na<g) + Cl(g) 

Electron 

affinity 

(E) 

Na<g) + Cl,g) 


Lattice energy 
(U) 


Figure 6.2 Bom-Haber cycle for the formation of NaCl. 


All the terms- except the lattice energy and electron affinity can be 
measured. Originally the cycle was used to calculate electron affinities. By 
using known crystal structures, it was possible to calculate the lattice 
energy, and hence values were obtained for the electron a nity. 


A// f = +A// S + 1 + + E + u 

For NaCl 381.2 = +108.4 + 495,4 + 120.9 + E - 757.3 

hence £ = — 348.6 kl mol 

Now that some electron affinity values are known, _‘he-cycle is used to 
calculate the lattice energy for unknown crys a^ s solubi l ity 0 f the 

It is useful to know the lattice energy, as a ° ™ broken up X (w hich 

crystal. When a solid dissolves the crystal la ^ solvate d (with the 

requires that energy is put in). The ion a | arge amount of 

evolution of energy). When the lattice « that the enthalpy of 

energy is required to break the lattice. energy to offset this), so 

solvation will be big enough (and evolve sufficient energy 

the substance will probably be insoluble. 
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Table 6.7 Comparison of ■h-nre.ical and experimental latl.ee energy 

Born -Haber 7® difference 


LiCl 

NaCI 

KCI 

KI 

CaF 2 

CdL 


Theoretical lattice 
energy 
(kJ mol" 1 ) 


-825 

-764 

-686 

-617 

-2584 

-1966 


lattice energy 
(kJ mol"') 

-817 
-764 
-679 
— 606 
-2611 
-2410 


0.8 

0.0 

1.0 

1.8 

1.0 

22.6 


The ‘noble behaviour’ of many transition metals, that is t e,r r 1 
to chemical attack, is related to a similar series of energy c anges. 
character is favoured by a high heat of sublimation, high ionization energy 

and low enthalpy of solvation of the ions. . . , 

Lattice energies may also provide some information a ° ut * ® 
covalent nature of the bonding. If the lattice energy is ealeu ate t eorei 
cally assuming ionic bonding then the value can be compare wi e 
experimental value for the lattice energy obtained from the experimen a y 
measured quantities in the Born-Haber cycle. Close agreement in ica es 
that the assumption that bonding is ionic is in fact true, whilst poor agree 
ment may indicate that the bonding is not ionic. A number o ^tnce 
energies are compared in Table 6.7. The agreement is goo or a e 
compounds listed except for Cdl 2 , confirming that these are ionic. I he 
large discrepancy for Cdl 2 indicates that the structure is not ionic, an in 
fact it forms a layer structure which is appreciably covalent. 


POLARIZING POWER AND POLARIZABILITY - FAJANS* RULES 


Consider making a bond theoretically by bringing two ions A and 
together to their equilibrium distance. Will the bond remain ionic, or uil it 
become covalent? Ionic and covalent bonding are two extreme types o 
bonding, and almost always the bonds formed are intermediate in type, 
and this is explained in terms of polarizing (that is deforming) the shape of 
the ions. 


The type of bond between A* and B“ depends on the effect one ion has 
on the other. The positive ion attracts the electrons on the negative ion and 
at the same time it repels the nucleus, thus distorting or polarizing the 
negative ion. The negative ion will also polarize the positive ion. but since 
anjons are usually large, and cations small, the effect of a large ion on a 
small one will be much less pronounced. If the degree of polarization is 
quite small, then the bond remains largely ionic. If the degree of polariza¬ 
tion is large, electrons are drawn from the negative ion towards the positive 
ion, resulting in a high concentration of electrons between the two nuclei, 
and a large degree of covalent character results. 
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electron egati vity 


The extent to which ion dktnrtir^ 

to distort the other ion (that is on its no? e P endson the P ower of an ion 
susceptible the ion is to distortion {than* 3 ™ 21 " 8 ^ wer ^ and a,so on ^ ow 
the polarizing power increases as ions h ° n lariza bility). Generally 
charged. The polarizability of a 

positive ion since the e ectrons are less firmii, u , i n 1 01 a 

c u dre ,ess " r mly bound because of the dif- 

“r L “** - «. - Xt 

M r sr,xr“ir,; w “ - <-«* <—* 


1. A small positive ion favours covalency. 

In small ions the positive charge is concentrated over a small area This 

makes the ion highly polarizing, and very good at distorting the negative 
ion. 6 

2. A large negative ion favours covalency. 

Large ions are highly polarizable, that is easily distorted by the positive 
ion, because the outermost electrons are shielded from the charge on 
the nucleus by filled shells of electrons. 

3. Large charges on either ion, or on both ions, favour covalency. 

This is because a high charge increases the amount of polarization. 

4. Polarization, and hence covalency, is favoured if the positive ion does 
not have a noble gas configuration. 

Examples of ions which do not have a noble gas configuration include 
a few main group elements such as TT. Pb 2 * and Bi 3+ , many transi¬ 
tion metal ions such as Ti 3 *, V 3 *, Cr 2 *, Mn 2 ^ and Cu*, and some 
lanthanide metal ions such as Ce 3 * and Eu 2 *. A noble gas configuration 
is the most effective at shielding the nuclear charge, so ions without the 
noble gas configuration will have high charges at their surfaces, and thus 
be highly polarizing. 



ELECTRONEGATIVITY 

In 1931, Pauling defined the electronegativity of an atom as the tendency 
of the atom to attract electrons to itself when combined in a compound. 

The implication of this is that when a covalent bond is formed, the 
electrons used for bonding need not be shared equally by both atoms. If 
the bonding electrons spend more time round one atom, that atom will 
have a 6' charge, and consequently the other atom will have a 6 charge^ 
In the extreme case where the bonding electrons are round one: atom ah of 
the time, the bond is ionic. Pauling and others have attempted to relate 
the electronegativity difference between two atoms to the amount of ionic 

character in the bond between them. , than large ones 

r » „ ii attract electrons more strongly than large ones. 

Generally, small atoms attract eiectr wi|(| nearly fi „ ed 

and hence small atoms “'O' ut £ r Electronegativities than those with 
shells of electrons tend to have h, 8 h vall f es are V ery difficult to 

sparsely occupied ones. Electronegat y 
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measure. Even worse, a particular type of atom in different molecules may 
well be in a different environment. It is unlikely that the electronegativity 
of an atom remains constant regardless of its environment, though it is 
invariably assumed that it is constant. Some of the more important ap¬ 
proaches to obtaining electronegativity values are outlined below. 


Pauling 

Pauling pointed out that since reactions of the type: 

A 2 + B 2 —* 2AB 

are almost always exothermic, the bond formed between the two atoms 
A and B must be stronger than the average of the single bond energies 
of A—A and B—B molecules. For example: 

H 2(gas) + F 2(gas) -> 2HF (g „> A H= -5393 kJ moP 1 

H 2(gas) + Cl 2(gas , -► 2HCl (gas , A H = —1852 kJ mol’ 1 

H 2(ga » + Br 2(gas) 2HBr (gas) A H = -727 kJ mol”' 

The bonding molecular orbital for AB (<t> AB ) is made up from contri¬ 
butions from the wave functions for the appropriate atomic orbitals (\p A 
and \|> B ). 

<Pab = (^a) + constant (^ B ) 

If the constant is greater than 1, the molecular orbital is concentrated on 
the B atom, which therefore acquires a partial negative charge, and the 
bond is partly polar. 

6 + 6 " 

A-B 

Conversely, if the constant is less than 1,‘atom A gains a partial negative 
charge. Because of this partial ionic character, the A—B bond is stronger 
than would be expected for a pure covalent bond. The extra bond energy is 
called delta A. 

A = (actual bond energy) - (energy for 100% covalent bond) 

The bond energy can be measured, but the energy of a 100% covalent 
bond must be calculated. Pauling suggested the 100% covalent bond 
energy be calculated as the the geometric mean of the covalent energies of 
A—A and B—B molecules. 

^100% covalent A—B WE a _ a .£ b _ b ) 

The bond energy in A—A and B—B molecules can be measured and so: 
A = (actual bond energy) - ^(£a-a • £b-b) 

Pauling states that the electronegativity difference between two atoms is 
equal to 0.208^A. where A is the extra bond energy in kealmol 




ELECTRONEGATIVITY 



assr e, “ ,io ” ,o si «*• «.'owA. .* re i is 

Pauling evaluated 0.208VA fn 

electronegativity difference betw^nT 156 ^ b ° nds and called th,s ,he 

culation with SI units for enerev w* A a " d , B ' Re P eatin 6 Pauling’s cal- 

nergy ’ we can evaluate 0.1017^A: 


Bond 

C—H 
H—Cl 
N—H 


A ( kJ mo1 ') 0.1017>/A 


24.3 

102.3 
105.9 


0.50 

1.02 

1.04 


i.e. xC - xH = 0.50 
i-e. X C1 - xH = 1.02 
i.e. xN - xH = 1.04 


(X (chi) - electronegativity of atom) 

! f * H = ,°, ,b * n the e ' e ctronegativity values for C, Cl and N would be 0 50 

=^tcn(H — VlKtc^a J >3U *' n ® chan ^d the origin of the scale from xH 
„ h Z X d hav,ng an V negative values in the table of values 

an his made the value for C become 2.5 and the value for F become 4 0 

to wholeT T , eVal ? e A S f ° r 3 nUmber of other e'enients approximated 
to whole numbers: L. = 1.0, B = 2.0, N = 3.0. Thus by adding 2.05 to the 

values calculated in this way we can obtain the usually accepted 
electronegativity values (Table 6.81. 

If two atoms have similar electronegativities, that is a similar tendency to 
attract electrons, the bond between them will be predominantly covalent. 
Conversely a large difference in electronegativity leads to a bond with a 
high degree of polar character, that is a bond that is predominantly ionic. 

Rather than have two extreme forms of bond (ionic and covalent), 
Pauling introduced the idea that the ionic character of a bond varies with 
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Table 6.8 Pauling's electronegativity coefficients (for the most 
common oxidation states of the elements) 


H 

2.1 

Li 

1.0 

Be 

1.5 

B 

2.0 

C 

2.5 

N 

3.0 

O 

3.5 

F 

4.0 

Na 

0.9 






Cl 

3.0 

K 

0.8 






Br 

2.8 

Rb 

0.8 






1 

2.5 
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Electronegativity varies with the oxidation state of the element. The values gives are for the most common oxidation states 
(Large circles indicate high values and small circles small values.) 

Copyright Cornell University. Adapted by permission of Cornell University Press. 
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electronegativity difference 

Figure 6.3 Electronegativity difference. 


the difference in electronegativity as shown in Figure 6.3 This graph is 
based on the ionic characters HI 4% ionic. HBr 11%, HCI 19% and HF 
5 o, which are known from dipole measurements. Fifty per cent ionic 
character occurs when the electronegativity difference between the atoms 
is about 1.7, so for a larger difference than this a bond is more ionic than 
covalent. Similarly, if the electronegativity difference is less than 1.7, the 
bond is more covalent than ionic. It is better to describe a bond such as one 
of those in BF 3 as 63% ionic, rather than just ionic. 


Mulliken 


In 1934, Mulliken suggested an alternative approach to electronegativity 
based on the ionization energy and electron affinity of an atom. Consider 
two atoms A and B. If an electron is transferred from A to B, forming ions 
A* and B , then the energy change is the ionization energy of atom A (/ A ) 
minus the electron affinity of atom B (£ B ), that is / A - £ B . Alternatively, 
if the electron was transferred the other way to give B^ and A" ions, then 
the energy change would be / B — £ A . If A* and B' are*actually formed, 
then this process requires less energy, and 

(A\ “ £b) < (“ Ea) 


Rearranging 

(/ A + £ a ) < (/ B + £b) 

Thus Mulliken suggested that electronegativity could be regarded as the 
average of the ionization energy and the electron affinity of an atom. 

(/+ E) 

Electronegativity - i 


Mulliken used / and £ values measured in electron volts, and the values 
were about 2.8 times larger than the Pauling values. We now measure / and 
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E in kJ mol" 1 . The energy leV/molecule = 96.48 kJ mol \ so the 
commonly accepted Pauling values are more nearly obtained by perform¬ 
ing this calculation (/ + E )/(2 x .2.8 x 96.48) or (/ 4* E)l 540. 

This method has a simple theoretical basis, and also has the advantage 
that different values can be obtained for different oxidation states of the 
same element. It suffers from the limitation that only a few electron 
affinities are known. It is more usual to use the approach based on bond 
energies. 


Allred and Rochow 

In 1958 Allred and Rochow considered electronegativity in a different way, 
and worked out values for 69 elements. (See Further Reading.) They 
defined electronegativity as the attractive force between a nucleus and an 
electron at a distance equal to the covalent radius. This force F is 
electrostatic, and is given by: 

p 2 y 

c . ^effective 

F=-2- 

r 

where e is the charge on an electron, r is the covalent radius, and Z cffcctivc 
is the effective nuclear charge. The latter is the nuclear charge modified 
by screening factors for the orbital electrons. The screening factors vary 
depending on the principal quantum number (the shell that the electron 
occupies), and the type of electron, 5, p, d or/. Screening factors have been 
worked out by Slater, so this provides a convenient method of calculating 
electronegativity values. These F values may be converted to electronega¬ 
tivity values on the Pauling scale of values using an empirical relationship: 

0.359Z e ff CC tiv C 
x = 0.744 +- 2 

The electronegativity values so obtained agree quite closely with those 
obtained by Pauling and Mulliken. 

As the oxidation number of an atom increases, the attraction for the 
electrons increases, so the electronegativity should also increase. Allred 
and Rochow’s method gives'slightly different values: 


Mo(II) 

2.18 

Fe(II) 1.83 

Tl(l) 1.62 

Sn(II) 1.80 

Mo(III) 

2.19 

Fe(lII) 1.96 

TI(llI) 2.04 

Sn(IV) 1.96 

Mo(IV) 

2.24 




Mo(V) 

2.27 


• 


Mo(VI) 

2.35 





Allred and Rochow’s method depends on measuring covalent radii (and 
these are obtained with great accuracy by X-ray crystallography) so it 
might be expected to yield very accurate electronegativity values. This is 
not so, because although the interatomic distances can be measured very 


Scanned by (JamScanner 



metallic character 


ofThTtendisno! kntwnfoTcenaTn Thil b CC ^ USe °* multiplici,y 
double bond character ' h IS he bond ma y possess some 

*• to v re *- 

Mulliken. Allred ,ed Rocbo. w 

ft ft no* considered tla ZZ,sT‘ V ^ 

electronegativity are unjustified, and i, is better to retain a loose definition,If 
electroneganvtty and use i, for a more qualitative descriptionfoZ For 

;k: r: h ? memb< r* a few 

Table 6.8). From these it .s possible to make a reasonable guess at the 

fo 3 med RnnH K f *’ ““ Predict ,he «*««* °f the bonds 

ormed. Bonds between atoms with similar electronegativity values will be 

argely non-polar (covalent), and bonds between atoms with a large elec¬ 
tronegativity difference will be largely polar (ionic). Predictions using 
electronegativity in general agree with those made using Fajans' rules. 

The basic properties of elements are inversely related to the electro¬ 
negativity. Thus on descending one of the main groups, the electro¬ 
negativity decreases, and basic properties increase. Similarly, on going 
across a period the elements become more electronegative, and less basic. 


METALLIC CHARACTER 

Metals are electropositive and have a tendency to lose electrons, if 
supplied with energy: 

M -♦ M* + e" 

The stronger this tendency, the more electropositive and more metallic an 
element is. The tendency to lose electrons depends on the ionization 
energy. It is easier to remove an electron from a large atom than from a 
small one, so metallic character increases as we descend the groups in the 
periodic table. Thus in Group 14, carbon is a non-metal, germanium shows 
some metallic properties, and tin and lead are metals. Similarly, metallic 
character decreases from left to right across the periodic table because the 
size of the atoms decreases and the ionization energy increases. Thus 
sodium and magnesium are more metallic than silicon, which, in turn, is 
more metallic than chlorine. The most electropositive elements are found 
in the lower left of the periodic table and the most non-metallic in the 
top right. 

Electropositivity is really the converse of electronegativity, but it is 
convenient to use the concept of electropositivity when describing metals. 
Strongly electropositive elements give ionic compounds. Metallic oxides 
and hydroxides are basic since they ionize, and give hydroxyl ions: 

NaOH -► Na + + OH" 

CaO + H 2 0 -^Ca 2+ + 20H" 
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Oxides which are insoluble in water cannot produce OH in this way, and 
these are regarded as basic if they react with acids to form salts. Thus in the 
main groups of the periodic table, basic properties increase on descending 
a group because the elements become more electropositive and more ionic. 
However, this generalization does not hold for the rf-block, and parti¬ 
cularly for the central groups of transition elements (Cr, Mn, Fe, Co, Ni) 
where basicity and the ability to form simple ions decreases on descending 
the group. 

The degree of electropositivity is shown in a variety of ways. Strongly 
electropositive elements react with water and acids. They form strongly 
basic oxides and hydroxides, and they react with oxoacids to give stable 
salts such as carbonates, nitrates and sulphates. Weakly electropositive 
elements are unaffected by water and are much less readily attacked by 
acids. Their oxides are frequently amphoteric, and react with both acids 
and alkalis. They are not basic enough to form stable carbonates. 

The electropositive nature of a metal is also shown in the degree of 
hydration of the ions. In the change M + to [(H 2 0), f —► Mp the positive 
charge becomes spread over the whole complex ion. Since the charge is 
no longer localized on the metal, this is almost the same as the change 
—► M. Strongly electropositive metals have a great tendency to the 
opposite change, M —► M*, so that they are not readily hydrated. The less 
electropositive the metal, the weaker the tendency M —* and the 
stronger the degree of hydration. Thus the elements in Group 2 are less 
electropositive than those of Group 1 , and Group 2 ions are more heavily 
hydrated than those in Group 1. The degree of hydration also decreases 
down a group, e.g. MgCI 2 • 6H 2 0 and BaCI 2 • 2H 2 0. 

Salts of strongly electropositive metals have little tendency to hydrolyse 
and form oxosalts. Since the metal ion is large, it has little tendency to form 
complexes. On the other hand, salts of weakly electropositive elements 
hydrolyse and may form oxosalts. Because they are smaller, the metal ions 
have a greater tendency to form complexes. 

VARIABLE VALENCY AND OXIDATION STATES 

In the j-block the pxidation state is always the same as the group number. 
Forp-block elements, the oxidation state is normally (the group number - 
10) or (18 — the group number). Variable valency does occur to a limited 
extent in the p-block. In these cases the oxidation state always changes by 
two, e.g. TICI 3 and T1C1, SnCI 4 and SnCI 2 , PCU and PCU, and is due to a 
pair of electrons remaining paired and not taking part in bonding (the inert 
pair effect). The term oxidation state is preferred to valency. The oxidation 
state may be defined as the charge left on the central atom when all the 
other atoms of the compound have been removed in their usual oxidation 
states. Thus Tl shows oxidation states of ( + III) and (+ 1), Sn of ( + IV) and 
( + 11), and P of ( + V) and (111). The oxidation number can be calculated 
equally well for ionic or covalent compounds, and without knowing the 
types of bonds. The oxidation number of S in H 2 S0 4 can be worked out as 


STANDARD ELECTRr^T^:~~---- 

--— D Pot entials and elect roche mical series 

follows. O usually has an mriHo*- 

H usually has an oxidation state ofr + fw ° f ( ~ H) (eXCept in ° 2 and ° 2) ' 
the oxidation numbers of all th^ [ (except in H 2 and H ). The sum of 

ot a1 ' <he atoms in H 2 S0 4 is zero, so: 

( 2 x 1) + (S') + (4 x -2) = 0 

the oxidation state of 9 i« r i \/i\ » , 

of Mn in KMn0 4 , the comnr,’, nH VI he Cas f ° f the oxldat,on s,ate 
MnO- the sum n t ih . p und ,on,zes *nto K + and Mn0 4 ions. In 
Mn0 4 sum of the oxidation states is equal to the charge on the ion, so: 

Mn* + (4 x -2) = -1 

Thus x, the oxidation state of Mn, is 7, i.e. (-h VII). 

*i*P nC ^ I?° St futures of the transition elements is that the 

men s usua y exist in several different oxidation states. Furthermore, 

^ e + 0X l d u atlOnstates change in units of 1, e.g. Fe 3+ and Fe 2 \ Cu 2+ and 
u . is is in contrast to the 5-block and p-block elements. The reason 

w y this occurs is that a different number of d electrons may take part in 
bonding. 

Though the oxidation number is the same as the charge on the ion for 
ions such as Tl and Tl 3+ , the two are not necessarily the same. Thus Mn 
exists in the oxidation state (+VII) but Mn 7 * does not exist, as KMn0 4 
ionizes into K* and Mn0 4 . 

STANDARD ELECTRODE POTENTIALS AND 
ELECTROCHEMICAL SERIES 

When a metal is immersed in water, or a solution containing its own ions, 
the metal tends to lose positive metal ions into the solution. Thus the metal 
acquires a negative charge. 

(hydrated) + ne * M(solid) 

The size of the electric potential E set up between the two depends on the 
particular metal, the number of electrons involved, the activity of the ions 
in solution, and the temperature. E° is the standard electrode potential, 
which is a constant for any particular metal and is in fact the electrode 
potential measured under standard conditions of temperature and with 
unit activity.These terms are related by the equation: 


RT 

E = E° +— In (l/a M n + ) 
nr 


(where R is the gas constant, T the absolute temperature, a,^+ the artiity 

of the ions in solution, n the valency of the ' on aa 1 e ntrat : on 0 f } ons 
purposes, the activity, «„« +. may be replaced by the concentration of ions 

“entia. of a single electee cannot, 

electrode of known potential ,s P ,aced ' measure d The standard against 
ference between the two electrodes ca " . h hy d r ogen electrode, 

which all electrode potentials are compared is the nyu g 
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Table 6.10 Standard electrode potentials 
(volts at 25 °C) 


Li* 

Li 

-3.05 

K* 

K 

-2.93 

Ca 2 * 

Ca 

-2.84 

Al'* 

Al 

-1.66 

Mn 2 * 

Mn 

-1.08 

Zn 2 * 

Zn 

-0.76 

Fe 2 * 

Fe 

-0.44 

Cd 2 * 

Cd 

-0.40 

Co 2 * 

Co 

-0.27 

Ni 2 * 

Ni 

-0.23 

Sn 2 * 

Sn 

-0.14 

Pb 2 * 

Pb 

-0.13 

H* 

h 2 

0.00 

Cu 2 * 

Cu 

+0.35 

Ag* 

Ag 

+0.80 

Au 3+ 

Au 

+ 1.38 


Table 6.11 

Standard electrode potentials (V) 

O,1 OH- 

+0.40 

I> 1 I" 

+0.57 

Bn | Br" 

+ 1.07 

C! : | cr 

+1.36 

F, | F- 

+2.85 


(This comprises a platinized platinum electrode, which is saturated with 
hydrogen at one atmosphere pressure and immersed in a solution of H,CT 

at unit activity. The potential developed by this electrode is arbitrarily 
fixed as zero.) 

If the elements are arranged in order of increasing standard electrode 
potentials, the resulting Table 6.10 is called the electrochemical series. 

Electrode potentials can also be measured for elements such as oxygen 
and the halogens which form negative ions (Table 6 . 11 ). 

In the electrochemical series the most electropositive elements are at the 
top and the least electropositive at the bottom. The greater the negative 
value of the potential, the greater is the tendency for a metal to ionize. 
Thus a metal high in the electrochemical series will displace another metal 
ower down the series from solution. For example, iron is above copper in 
he electrochemical series, and scrap iron is sacrificed to displace Cu^ions 
from solution of CuS0 4 in the recovery of metallic copper. 

Fe -f Cu 2 * -♦ Cu + Fe 2 * 


In the Darnell cell zinc displaces copper from copper salts in solution. This 
causes the potential difference between the plates. 


STANDARD E LECTRqd^^^---- 

- ALS AND ELECTROCHEMICAL SERIES 


Table 6.12 Some standard reduction ^ 

-- - entials in acid solut ion at 25 °C (volts) 

Gr0Up ' £ " GroupTs Z—Z -— 

Li* + e -» Li - 3.115 Av .. ... E Group 17 


K* + e — 
Rb* + e -h 
Cs* + e —p 
Na* + e - 

Group 2 
Ba 2 * + 2e 


Li 

K 

♦ Rb 
► Cn 

♦ Na 


E" Group 15 
-3 05 As + 3e — AsH, 
-2.93 Sb + 3e SbH, 
“2.93 H,P 0 2 + e —p p 

“2.92 H,PO, + 2e -p H,PO : 
“2.71 H3PO4 + 2e -p H,PO, 
2N2 + 3e —p NH 4 * 

2 N 2 + 2e -p iN 2 H s * 
”2-90 P + 3e -> PH, 


E" Group 17 
“0.60 13 + 2e —* 31” 
“0.51 BrjT + 2e — 3Br" 
-0.51 2ICIJ + 2e-p 1 2 
-0.50 Br 2 + 2e -p 2Br‘ 
-0.28 2IO? + lOe -> l 2 
-0.27 Cl 2 + 2e — 2d" 
-0.23 2HOI + 2e -p L 
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€* 
+0.54 
+ 1.05 
+ 1.06 
+ 1.07 
+ 1.20 
+ 1.36 
+ 1.45 
+ 1.60 


5r + ze -p m 

-2.89 

«b 2 0, + 3e — Sb 

+0.15 

2HOCI + 2e -. Cl. 

+ 1.63 

Ca' + 2e —» Ca 

-2.87 

HAs0 2 + 3e — ► As 

+0.25 

F 2 + 2e -. 2F' 

+2.65 

Mg’* + 2e — » Mg 

-2.37 

H,As0 4 + 2e — HAs0 2 

+0.56 



Be’* + 2e — Be 

-1.85 

HN, + 8e — 3NH 4 * 

+0.69 

Transition Metals 




NO," + 3e — NO 

+0.% 

La'* + 3e -p La 

-2.52 

Group 13 


HN0 2 + e -> NO 

+ 1.00 

Sc'* + 3e - Sc 

-2.08 

Al'* + 3e — Al 

-1.66 

2 N 2 0 4 + 2e — NO 

+ 1.03 

Mn 2 * + 2e — Mn 

-1.18 

Ga'* + 3e —* Ga 

-0.53 

4n 2 Hs + + 2e — NH 4 * 

+ 1.28 

Zn 2 * + 2e - Zn 

-0.76 

In'* + 3e —» In 

-0.34 

NH,OH + 2e-» NH 4 * 

+ 1.35 

Cr'* + 3e -p Cr 

-0.74 

Tl* + e -. Tl 

-0.34 



Fe 2 * + 2e - Fe 

-0.44 

Tl'* + 2e — Tl* 

+ 1.25 

Group 16 


Cr'* + e -p Cr* 

-0.41 



Tc + 2e — * H 2 Te 

-0.72 

Cd 2 * + 2e - Cd 

-0.40 

Group 14 


Se + 2e — ► H 2 Se 

-0.40 

Ni 2 * + 2e — Ni 

-0.25 

SiOj + 4e -» Si 

-0.86 

S 4 0, 2 ' + 2e - 2S 2 0, 2 " 

+0.08 

Cu 2 * + e - Cu* 

+0.15 

PbSOj + 2e Pb 

-0.36 

S + 2e — H 2 S 

+0.14 

Hg 2 CI 2 + 2e -p 2Hg 

+0.27 

C0 2 + 4e C 

-0.20 

HS0 4 " + 2e -p H 2 SO, 

+0.17 

Cu 2 * + 2e -* Cu 

+0.35 

GeOj + 4e —» Ge 

-0.15 

H.SO, + 2e iSjO, 2 ' 

+0.40 

|Fe(CN)„|'" + e — p [Fe(CN)„] 4- 

+0.36 

Sn 2 * + 2e Sn 

-0.14 

H.SO, + 4e S 

+0.45 

Cu* + e —► Cu 

+0.50 

Pb 2 * + 2e Pb 

-0.13 

4HjSO, + 6e — S 4 O ft -’“ 

+0.51 

Cu 2 * + e — p CuCI 

+0.54 

Si + 4« -. SiHj 

+0.10 

S.O,, 2 " + 2e -» 2H.SOj 

+0.57 

Mn0 4 + e — p MnOj 

+0.56 

C + 4e CHj 

+0.13 

0> + 2e — H.O. 

+0.68 

Fe'* + e -> Fe 2 * 

+0.77 

Sn 4 * + 2e Sn-’* 

+0.15 

H.SeOi + 4e — Se 

+0.74 

Hgi* + 2e -p 2Hg 

+0.79 

PbO. + 2e — PbSO. 

+ 1.69 

SeOa 2- + 2e -» H.SeO, 

+ 1.15 

2Hg 2 * + 2e - Hgi* 

+0.92 



iOi + 2e — H,0 

+ 1.23 

MnO> + 2e -p Mn 2 * 

+ 1.23 



H.O. + 2e -» 2H ; 0 

+ 1.77 

iCr 2 0;- + 3e - Cr'* 

+ 1.33 



S.O B 2 ' + 2e -» 2SO, : 

+2.01 

MnO; + 5e -p Mn 2 * 

+ 1.54 



O, + 2e -. O. 

+2.07 

NiO> + 2e -p Ni 2 * 

+ 1.68 





MnOX + 3e -♦ MnO> 

+ 1.70 
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Table 6.12 is a table of standard reduction potentials. From this table we 
can see that the standard reductioa potential for Cu 2 */Cu is 0.35 V. What 
does this mean? 

Cu 2 */Cu is referred to as a redox couple and as written it refers to the 
half reaction (or electrode reaction) 

Cu 2+ + 2e~ —> Cu 

In general, redox couples are written ox!red where ox is the oxidized form 
and is written on the left and red is the reduced form and is written on 
the right. 

Standard reduction potential values are determined relative to a 
hydrogen electrode, that is the redox couple H*/H 2 at 25°C for 1M 
concentrations (or one atmosphere pressure) of all chemical species in the 
equations. (The concentration of water is included in the constant.) 

Thus, Cu 2 */Cu E° = +0.35 V really means that the standard reduction 
potential of the reaction is 0.35 V. 

Cu 2 * + H 2 -► 2H* + Cu E° = +0.35 V (6.1) 

Similarly the standard reduction potential of the couple Zn 2 */Zn is -0.76 V. 

Zn 2 * + H 2 — 2H* + Zn E° = -0.76 V (6.2) 

Subtracting equation (6.2) from (6.1) gives 

Cu 2 * + Zn - Cu + Zn 2 * E° = +0.35 - (-0.76) = +1.10V 

Both of the standard potentials are relative to the H*/H 2 couple and 
therefore H* and H 2 disappear when the Cu 2 */Cu couple is combined with 
the Zn 2 */Zn couple. 

From experience the oxidized forms of couples of high positive poten¬ 
tial, for example Mn0 4 + 5e —> Mn 2 * E° = + 1.54 V, are termed strong 
oxidizing agents. Conversely the reduced forms of couples of high negative 
potential, for example Li* + e —► Li £° = -3.05 V, are termed strong 
reducing agents. It follows that at some intermediate potential the oxidiz¬ 
ing power of the oxidized form and the reducing power of the reduced form 
are similar. What is the value of this potential at which there is a change¬ 
over from oxidizing to reducing properties? The first point to note is that it 
is not at 0 V, the value assigned arbitrarily to the H*/H couple: hydrogen is 
known to be a reducing agent. A group of chemical species which are used 
in classical_(analytical) chemistry as weak reducing agents (e.g. sulphite 
and tin(II)) are the reduced forms of couples with potentials between 0 and 
about +0.6 V. On the other hand VO 2 * is the stable form of vanadium and 
VO^ is a weak oxidizing agent: the potential VOf/VO 2 * is +1.00V. 
Thus from experience, as a general rule of thumb we can say that i 
E° = 0.8 V, then the oxidized and reduced forms are of about equa 
stability in redox processes. 

It is not very discriminating to term a metal a reducing agent: mos 
metals may be called reducing agents. It is useful to divide metals into our 
groups in regard to the ease of reduction of their metal ions. 
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1 —-tential s and elect rochemical series 

*" prepared by reductiop win ’ *“ “ 

d. The electropositive metals (£° mote negative than -1 5V> which can 
be prepared by electrochemical reduction. 

™ rStt^rs w r po, "' , “ i — 

soludoli and t'h " '? T!l “!? ° PP ° Si,e “ sign to the P° ,en,ial between the 
. 1? 2 + ^ th ,f electrode * Elements low down in the series discharge first; 

thus Cu discharges before H+, so copper may be electrolysed in aqueous 

solution. However, hydrogen and other gases often require a considerably 

higher voltage than the theoretical potential before they discharge For 

hydrogen, this extra or over-voltage may be 0.8 volts, and thus it is possible 

to electrolyse zinc salts in aqueous solution. 

Several factors affect the value of the standard potential. The conversion 
of M to M in aqueous solution may be considered in a series of steps: 

1. sublimation of a solid metal 

2. ionization of a gaseous metal atom 

3. hydration of a gaseous ion 

These are best considered in a Bom-Haber type of cycle (Figure 6.4). 

The enthalpy of sublimation and the ionization energy are positive since 
energy must be put into the system, and the enthalpy of hydration is 
negative since energy is evolved. Thus 

E = +A H % + / + AA/ h 


+ 0 


+ Ionization energy 
(0 


Energy 


+ Enthalpy of sublimation 
AH, 



Enthalpy of 
hydration M* 
AH, 


Electrode potential 
(E) 


M(hydfaied) 


Rfurr 4.4 Energy cycle for electrode potentials. (Strictly E is the free energy change 
ass ociatcd with electrode potential) 
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Consider firs, a transition metal. Most trans.t.on metals have high 
melting points: hence the enthalpy of sublimation is high. Snarly they 
are faifly small atoms and have high ionization energ.es. Thus the vahte for 
the electrode potential £ is low. and the metal has little tendency to form 

ions* hence it is unreactive or noble. 

In contrast the s-block metals (Groups 1 and 2) have low melting points 

(hence low enthalpies of sublimation), and the atoms are large and there¬ 
fore have low ionization energies. Thus the electrode potential £ is high 
and the metals are reactive. 

Electrons are lost when a substance is oxidized and electrons are gained 
when it is reduced. A reducing agent must therefore supply electrons, and 
elements having large negative electrode potentials are strong re ucing 
agents. The strengths of oxidizing and reducing agents may be measured by 
the size of the potential between a solution and an inert electrode. 
Standard reduction potentials are obtained when the concentrations of 
oxidized and reduced forms are 1M, and the potential developed is meas¬ 
ured against a standard hydrogen electrode. The most powerful oxidizing 
agents have a large positive oxidation potential and strong reducing agents 
have a large negative potential. Standard oxidation potentials allow us to 
predict which ions should oxidize or reduce other ions. The potentials 
indicate if the energy changes for the process are favourable or unfavour¬ 
able. It is important to realize that though the potentials may suggest that a 
reaction is possible, they do not give any kinetic information concerning 
the rate of the reaction. The rate of the reaction may be very fast or slow, 
and in some cases a catalyst may be required for it to occur at all - for 
example in the oxidation of sodium arsenite by ceric sulphate. 


OXIDATION-REDUCTION REACTIONS 

Oxidation is the removal of electrons from an atom, and reduction is the 
addition of electrons to an atom. The standard electrode potentials given in 
Table 6.10 are written by convention with the oxidized species on the left, 
and the reduced species on the right. 

Li * I Li E° = -3.05 volts 

or 


Li + + e Li E° = -3.05 volts 

The potential developed by the half cell is therefore written as a reduction 
potential, since electron(s) are being added. A fuller list of reduction 
potentials in acid solution is given in Table 6.12. 

Oxidation-reduction (redox) potentials can be used to great advantage 
in explaining oxidation-reduction reactions in aqueous solution. The 
reduction potential is related to energy by the equation: 


uu — — nra 

the ' S ,h ? C il a " 8e in Gibbs free ener 8y. " the valency of the ion 

y an £ the standard electrode potential). This is really 
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*-OXIDATION - REDUCTIO N rea ctions 

application of thermodynamics lIltimo* A i u 

not depends on energy a rear#* !f y whether a reacti °n occurs or 
4C is posi.ii’; r |, " c " d » "* 

of trying the reaction. If ag i« n • ° ynam,cs saves us the trouble 
dynamically possible. It does not foUnuMH ’ the reaction is thermo¬ 
dynamically possible it will nece^a | W ^ C ^ USe 3 reaction ' s thermo- 

*. information'« m“Tf Th 'T ,,n '^ d °" “ 

or infinitely slow, not does it iiidiw.,/«Tran, which may be fast, slow, 
favourable. ndicate if another reaction is even more 

JSchfr<clwJ I0S 'T ,ha * may ° CCUr When a sheet of galvanized iron is 
oreve^t mi.?! I h If d ,r ° n “ ,r °" Wh ‘ Ch haS been coated wi,h zinc t0 

are shown be lo w HS f reaCtl ° nS and the corres P ond »ng reduction potentials 


Fe + 2e —► Fe E° = —0.44 volts 

Zn 2 + + 2e — Zn E° = -0.76 volts 

When in contact with water, either metal might be oxidized and lose metal 
ions, so we require the reverse reactions, and the potentials for these are 
called oxidation potentials, and have the same magnitude but the opposite 
sign to the reduction potentials. 

Fe —► Fe 2 * + 2e E° = +0.44 volts 

Zn — Zn 2 * + 2e £° = +0.76 volts 


Plainly, since Zn —► Zn 2 * produces the largest positive E° value, and since 
AC = - nFE °, it will produce the largest negative AC value. Thus it is 
energetically more favourable for the Zn to dissolve, and hence the Zn will 
corrode away in preference to the Fe. 

It is possible that when the galvanized steel is scratched, the aii may 
oxidize some iron. The Fe 2 * so produced is immediately reduced to iron by 
the zinc, and rusting does not occur. 

Zn + Fe 2 * — Fe + Zn 2 * 


Similar applications in which one metal is sacrificed to protect another are 
the attaching of sacrificial blocks of magnesium to underground steel 
pipelines and the hulls of ships to prevent the rusting of iron 
P Thus the coating of zinc serves two purposes - first it covers the iron and 
prevents its oxidation (rather like a coa, of pain.) and second ,« provides 

'"a teble^standard reduction potentials (Table 6.12) may be used to 

predict if a reaction is possible, and h h J. oxidjze As(m) in 
Consider for example if the triiodiae ion 3 

arsenious acid HAsOj into As(V). 

HAsOz + .3 + 2HzO - H,AsO. + 3T + 

Since the table lists reduction p-e-j*. - ^",s ' 

H,As 0 4 + 2e - products, and I, + ze P 
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H 3 As0 4 + 2e + 2H+ -► HAs0 2 + 2H 2 0 E° = 4-0.56 volts 
I~ + 2e -► 31“ E ° = 4 ' 0 - 54 v <>>ts 

The reaction we are investigating requires the first half reaction in the 
reverse direction, added to the second half reaction. E° values for half 
reactions must not be added together, since they do not take account of the 
number of electrons involved. However, E° values may be converted to the 
corresponding AC values, which may be added to give AC for the overall 
reaction. 

HAs0 2 + 2H 2 0 -► H 3 As0 4 + 2e + 2H+ E° = -0.56 V AC = +(2 xfx 0.56) 

I 3 + 2e -> 31” £° = +0.54 V AC = -(2 xfx 0.54) 

HAs0 2 + IJ + 2H 2 0 -> H 3 As0 4 + 31” + 2H* AC = +0.04F 

The AC free energy change so calculated is positive, which indicates that 
the reaction will not proceed spontaneously in the forward direction, and 
suggests that it is energetically feasible for the reaction to proceed in the 
reverse direction. It should be noted that the value of AC is very small, 
and thus it is unwise to draw very firm conclusions. The E° values relate to 
standard conditions, and since AC is small, a small change in conditions, 
such as varying the concentration, or the pH, or the temperature, could 
change the potentials and hence change AC sufficiently to make the 
reaction proceed in either direction. There are volumetric methods of 
analysis for reducing arsenic acid with iodide ions in 5M acid, and for 
oxidizing arsenious acid by triiodide ion at pH 7. 



THE USE OF REDUCTION POTENTIALS 

Enormous use may be made of reduction potentials for summarizing what 
species will oxidize or reduce something else, what the products of the 
reaction will be, and what oxidation states are stable with respect to the 
solvent, and also with respedt to disproportionation. This topic is often 
insufficiently understood, so a number of examples are given. 

A great deal of useful information about an element can be shown by the 
appropriate half reactions and reduction potentials. Consider some half 


reactions involving iron: 


Fe 2+ + 2e -» Fe 

E° = -0.47 volts 

Fe 3+ + 3e — Fe 

E° = -0.057 

Fe 3+ + e Fe i+ 

£° = +0.77 

FeOj - + 3e + 8 H + — Fe 3+ + 4H 2 0 

E° = +2.20 


Where an element exists in several different oxidation states (in this case 
Fe(VI), Fe(III), Fe(II), and Fe(0)), it is convenient to display all of the 
reduction potentials for the half reactions in a single reduction potential 
diagram. In this the highest oxidation state is written at the left, and the 


Scanned by Uamscanner 


TH E L - se oF REDUCTION potentials 


lowest state at the right, and specie, , 

omitted. ^ ,es such as electrons, H* and H,0 are 


oxidation state 
E° (V) 


VI 


III 


II 


FeO;-iiL Fe 3, 0 77 


0 


L 


Fe-^Z F e 


-0.057 


4?'. PO -“Jp.'"StaTteVr’? 05 ; 10 is +! 20 «*»■ a» 

negative. This means that ihe reaction is*iherm *'!' hc and 

it tel.atet a latge amoum etteneS and Frf^aT ? T'"' 
Standard etectrode poten.a.S;™,^ "TSZ?**"- 

H + +e-»H £° l = 0.00 volts 

Since hydrogen is normally regarded as a replacing agent, reactions with 
negative value for E° are more strongly reducing than hydrogen, that is 
they are strongly reducing. Materials which are generally accepted as 
oxidizing agents have E° values above +0.8 volts, those such as Fe J * 

Fe of about 0.8 volts are stable (equally oxidizing and reducing), and 
those below +0.8 volts become increasingly reducing. 

For the change Fe'*/Fe 2 *, £° is +0.77 V. This is close to the value of 
0.8 V, and therefore Fe'* and Fe 2 * are of almost equal stability with 
respect to oxidation and reduction. The £° values for the changes Fe* —» 
Fe and for Fe 2 * —* Fe are both negative: hence AC is positive, so neither 
Fe 3 * nor Fe 2 * have any tendency to reduce to Fe. 

One of the most important facts which can be obtained from a reduction 
potential diagram is whether any of the oxidation states are unstable with 
regard to disproportionation. Disproportionation is where one oxidation 
state decomposes, forming some ions in a higher oxidation state, and some 
in a lower oxidation state. This happens when a given oxidation state is a 
stronger oxidizing agent than the next highest oxidation state, and this 
situation occurs when a reduction potential on the right is more positive 
than one on the left. In the diagram of iron reduction potentials, the values 
become progressively more negative on moving from left to right, and 
hence Fe 3 * and Fe 2 * are stable with respect to disproportionation. 

At first sight the potential of -0.057 V for Fe'* — Fe seems wrong since 
the potentials for Fe'* —* Fe 2 * and Fe‘* —* Fe are 0.77V and —0.47V 
respectively, and adding 0.77 and —0.47 does not give —0.057. Potentials 
for complete reactions may be added since there are no electrons left over 
in the process. Potentials may not be added for half reactions since the 
electrons may not balance. However, potentials can always be converted 
into free energies using the equation AC ~-nFP where n is the number 
of electrons involved and F is the Faraday. Smce the Gtbbs toti energy Cb 
a thermodynamic function, free energies may be added, and the final total 
free energy converted back to an E value. 
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e + Fe J+ -» Fe J+ £«=+0.77V 
2 e + Fe 2+ -» Fe £° = -0.47 V AG = -2(-0.47)f 


AC = -1(+0.77)F = -0.77F 

+0.94 F 


AC = 


adding 
3e + Fe' + -*■ Fe 

Hence E° can be calculated for the reaction Fe 3 * — Fe 

AC 0.17F 


+0.17 F 


E° = 


= -0.057 V 


-nF -3 F 

The reduction potential diagram for copper in acid solution is 
oxidation state II I 0 

£*>(V) Cu 2 + ±2d5cu+—Cu 

-+0.35 


•Disproportionates 

The potential, and hence the energy released when Cu 2+ is reduced to 
Cu + , are both very small, and so Cu 2+ is not an oxidizing agent but is 
stable. On moving from left to right the potentials Cu 2+ -Cu*-Cu become 
more positive. Whenever this is found, the species in the middle (Cu* in 
this case) disproportionates, that is it behaves as both a self-oxidizing and 
self-reducing agent because it is energetically favourable for the following 
two changes to occur together 

Cu* —>Cu 2 *+e ^oxidation =“0.15 AC=+0.15F 

Cu* + e-hCu E reductlon = +0.50 AC = -0.50F 

overall 2Cu* — Cu 2 + + Cu AC = -0.35F 


Thus in solution Cu* disproportionates into Cu 2 * and Cu. and hence Cu* 
is only found in the solid state. 

The reduction potential diagram for oxygen is shown. 


oxidation state 
£°(V) 


0 


-I 


-II 


~ +0-682;, ^ +1.776,, _ 
0 2 -H-.O'r-H-,0 


+ 1.229 


* Disproportionates 

On moving from left to right, the reduction potentials increase, and hence 
is unstable with respect to disproportionation. 


-I 0 -II 
2H 2 0 2 -> 0 2 + H 2 0 

It must be remembered that the solvent may impose a limitation on what 
species are stable, or exist at all. Very strong oxidizing reagents will oxidize 




water to 0 2 , whilst strong rednrino ... . 

• •• • . “ ^8 agents will reduce it to Hi Thus verv 

strong oxidizing or reducing ao^ntc * . . 2 ' mus very 

following half reactions ^ 

Reduction of water 

neutral solution u n 4 . ... 

n 2 u +e —» OH + iH, £°=-0.414 V 

1.0M acid solution H>0 + + ,.-_. u n _l iu 

niVJ +e -HjO+iHj E = 0.000V 

1.0M base solution H 2 0 + e~ -» OH" + $H 2 £° =-0.828 V 

Oxidation of water 

neutral solution *0 2 + 2H + + 2t~ - H 2 0 £• = +0.185 V 

1.0M acid solution K >2 + 2H + + 2e‘ - H 2 0 £• = +1.229V 

1.0 M base solution K > 2 + H 2 0 + 2e~ - 20H“ E° = +0.401 V 

solutLn eaC, '° nS l mit ,hC ,hermodynamic stab ‘H<y of any species in aqueous 

Thus the minimum reduction potentials required to oxidize water to 
dioxygen is £° > +0.185V in neutral solution, E° > -r 1.229V in 1.0M 
acid solution and E° > +0.401 V in 1.0 M basic solution. 

In the same way half reactions with E° potentials less than zero (that is 
negative values) should reduce water to H 2 in 1.0 M acid solution, whilst an 
E° < -0.414 V is required in neutral solution, and E° < -0.828 V in 1.0M 
basic solution. 

Often when the E° values are just large enough to suggest that a reaction 
is thermodynamically possible, we find that it does not appear to happen. 
It must be remembered that a substance may be thermodynamically un¬ 
stable. but kinetically stable, since the activation energy for the reaction 
is high. This means that the rates of these reactions are very Slow. If the 
potentials are appreciably more positive or negative than these limits then 
reaction with the solvent is usually observed. 

The reduction potentials for americium show that Am 4 * is unstable with 
regard to disproportionation. 

+ VI +V + 1V -fill 0 


+VI +V + 1V -fill 

+1.70 . +0.86 A +2.62 -2.07 A 

Am0 2 -AmOJ-Am 4 -Am Am 


* Disproportionstes 

The potential for the couple Am0 2 —* Am 3 * can be calculated by 
converting the values of 0.86 and 2.62 volts into free energies, adding 
them, then converting back to give a potential of 1.74 volts. When this step 
is added to the diagram it becomes apparent that the potentials do not 
decrease from Am0 2 * to AmOJ to Am u , and hence Am0 2 is unstable 
with regard to • disproportionation to Am0 2 * and Am . Finally, the 
hernial for the couple AmOV - Am u can be worked out to be +1.726 
v olts. Thus considering Am0 2 * —♦ Am 3 * —► Am, Am is sta e. 
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+VI 


H-IV 


+ 111 


+1.70. * 4-0.86 +2,62 -2.07 

Am0 2 ■ Am0 2 Am Am 


Am 


+ 1.74 


I---+ 1.726-- 1 

1 

* Disproportionates 

It is important to include all the possible half reactions in a reduction 
potential diagram, or incorrect conclusions may be drawn. Examination of 
the incomplete diagram for chlorine in basic solution would indicate that 
CIO 2 should disproportionate into CIO* and OCI - , and that Cl 2 should 
disproportionate into OCI - and Cl - . Both of these deductions are correct. 


+VII 


+ III 


CO.- ±23500,- ±2”ao, 

* Disproportionates 

The incomplete data also suggest that OCI - should be stable with regard to 
disproportionation, but this is not true. The species which disproportionate 
are ‘ignored’, and a single potential calculated for the change CIO^ —♦ 
OCT to replace the values +0.33 V and +0.66 V. Similarly a single 
potential is calculated for OCI - —» Cl - 


+V1I 


+III 


cio; ±235 cto,- ±232 ao, ±2±5ocr ±2±2 ja, ±135 C i 


+0.50 


+ 0.88 


* Disproportionates 

When the complete diagram is examined, it is apparent that the potentials 
around OCI - do not decrease from left to right, and hence OCI" is 
unstable with respect to disproportionation into CIO* and Cl - 

ciOj——ocr -±2Ji*—cr 


OCI 


In the same way, the potentials round CIO-* do not decrease from left to 
right 

+0.36 +0.50 _ 


cio 4 - 


CIOT 


ocr 


Similarly CIO* should disproportionate into CI0 4 and OCI", and OCI' 
should disproportionate to give Cl - and more CIO*. 

Reduction potential diagrams may also be used to predict the products 
of reactions in which the elements have several oxidation states. Consider 
for example the reaction between an acidified solution of KMn0 4 and KI. 
The reduction potential diagrams are: 
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+ VII 


+ VI 


+ IV 


MnO; MnOj- ±L*> M nO~ ±2^5 w!34. +1.51 
-+ 1.69- 


+111 

Mn 3 ' 
+ 1.23 


+11 


Mn 2 * 


-1.19 


0 


Mn 


+ 1.51 


+ VII 


+v 


107 


+ 1.65 


H III +1 

-+ 1.19- 


0 


-I 


IO 3 


+ 1.34 


* +1 44 

HOI—— 


ii 2 ( S )±^r 


+ 0.99 


H 5 I0 6 —+ 1.60—' 

* Disproportionates 

If we assume that the reactions are thermodynamically controlled, that is 
equilibrium is reached fairly quickly, then since MnOj", Mn 3 * and HOI 
disproportionate, they need not be considered. The half reaction Mn 2 * 
Mn has a large negative E° value, and hence AG will have a large positive 
value, so this will not occur, and can be ignored. Thus the reduction 
potential diagrams may be simplified: 


+VII 

Mn0 4 


+V 
+ 1.70 


+IV 


+11 


0 


-I 


+ 1.65 


I 0 3 - 


MnO.^^Mn 2 * 
+ 1.19 


•iW«>— 1“ 


I 0 4 ' 

H$IO A — + 1.60— 

If the reaction is carried out by adding KI solution dropwise to an 
rfdified solution of KMnO., the products of the reaction must be stable in 
le presence of KMn0 4 . Thus Mn 2 * cannot be formed^ s-n^ KMnO. 
ould oxidize it to MnOj. In a similar way, I 2 cannot be formed since 

MnO. would oxidize it. Hie feet die! die "“SlowSSe^ 

— 5TS £ r-r,td ,0 a ruixtirre o<10,- end KX. 

2MuO; + I" + 2H* - 2MnOi + W ♦ He® 

8Mn07 . Jr - ««* - !M " 0 ’ * 5 ' 0, * 

If the reaction is carried must I* sraNe in lire 
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Similarly. lO, cannot 
The reaction which takes place is 


. 16H * - 2Mn 2 * + 5I 2 + 8H 2 0 
2Mn0 4 + 101 + lon 
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Since there is an excess of I" ions, any I 2 formed will dissolve as the 
triiodide ion I*, but this does not affect the reaction 

I 2 + r -> I 3 

Note that the products formed depend on which reactant is in excess. 

THE OCCURRENCE AND ISOLATION OF THE ELEMENTS 

The most abundant elements in the earth’s crust (by weight) are shown in 
Table 6.13. It is worth noting that the first five elements comprise almost 
92% by weight of the earth's crust, that the first ten make up over 99.5%, 
and the first twenty make up 99.97%. Thus a few elements are very 
abundant but most of the elements are very scarce. 

Table 6.13 The most abundant elements 


Parts per million % of earth s crust 

of earth's crust 


455000 

45.5 

272000 

27.2 

83000 

8.3 

620(H) 

6.2 

46000 

4.66 

27640 

2.764 

22 700 

2.27 

18400 

1.84 

6320 

0.632 

1520 

0.152 

1 120 

0.112 

1060 

0.106 


vc- 

2. silicon 

3. aluminium 

4. iron 

5. calcium 

6. magnesium 

7. sodium 

8. potassium 

9. titanium 

10. hydrogen 

11. phosphorus 

12. manganese 

A full table of abundances is given in Appendix A 

°tlZ y clemcn,s are ni, rogen (78% of the atmosphere) 

tbJndl, ef . “T as Wa,er in ,he OCeanS - The chemistry of these 
ato we. ™ : S We " knOWn - bu ‘ SOI "c e 'c™n.s which are rare are 
examl .^"pk^T ' hCy occur in concentrated deposits - for 

The different me,h^ a r na) and b ° r ° n aS Na - Bj ° 7 l0H,O(borax). 

divided into five i ° ! ° r se P ar ating and extracting elements may be 
divided into five classes (see Ives. D.J.G. in Further Reading). 

Mechanical separation of elements that exist in the native form 

They have^mlaiifriiwh 6 ’ 0fele ' nen,s 001:11 r in the free elemental stale. 

the least reactive of the he , n . a,lv f form they are unreactive. Only 

the platinum metals ocTr ?n sim-fr ° f Gr ° Up 11 (“PPcr/silver/gold) and 
e.ais, occur in significant amounts as native elements. 

I. Gold is found in the native fn rrn ~ 

the silt of river beds Gold ha ‘ ^ ef ? lnS ' n quartz - as nu gg e,s and in 

neas. Gold has a density of 19.3 gem 2 , which is very 
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much higher than that of the rnrt, 

be separated by -panning’ n n r !, °! S,U '» is mixe <J with, and gold can 
extracted by amalgamating with * t,mes ' ,has been m °re commonly 
times found in the native form as ,* rcury \ Silver and copper are some 
or unreactive, and this is associa»<«H U ^fi! S i. AI1 ,hree metals are noble 
chemical series below hydroeen 1 h h .. their posi,ion in ,he electro- 
2. Palladium and platinum* are^i ’ ? d Wlth the non -'"etals. 

natural alloys of the Pt group are found ** " atiVe metals ‘ ln addition 

The platinum metals are R u Rh Pd 

Th ° S ,r Pt 

i "°” IMk “ ** -K-h.: «- 

3 nTIIKl? wi,h ™" ib " w 

the carbon and sulphur groups but ^ 1 lh * earth ’ s crust are from 
and the noble gases. 8 P ’ b h a,mos P here comprises N 2> 0 2 

4. Diamonds are found in the earth „ . . . , 

^enaratinn of f™' and are obtained by mechanical 

separanon of large amounts of earth and rock. The largest deposits are 

m Australia, Zaire Botswana, the USSR and South Africa. Diamonds 

are mostly used for making cutting tools, and some for jewellery. 

Graphite is mined mainly in China, South Korea, the USSR, Brazil and 

Mexico. It is used for making electrodes, in steel making, as a lubricant, 

and in pencils, brake linings and brushes for electric motors. It is also 

used as the moderator in the cores of gas cooled nuclear reactors. 

5. Deposits of sulphur are also found deep underground in Louisiana 
(USA), Poland, Mexico and the USSR. These are extracted by the 
Frasch process. Small amounts of selenium and tellurium are often 
present in sulphur. 

6. The atmosphere is made up of about 78% nitrogen, 22% oxygen and 
traces of the noble gases argon, helium and neon. These may be 
separated by fractional distillation of liquid air. Helium is also obtained 
from some natural gas deposits. 

Thermal decomposition methods 

A few compounds will decompose into their constituent elements simply 
by heating. 

1. A number of hydrides will decompose in this way, but since hydrides 
are usually made from the metal itself, the process is of no commercial 
significance. The hydrides arsine AsH, and stibine SbH, are pi _ uce 
in Marsh’s test, where an arsenic or antimony compound is convertedto 

the hydride with Zn/H 2 S0 4 and the gaseous hyd :' de e S t a h r r e o ^° a m h ^ d 
to give a silvery mirror of metal by passing the hydride through 

2. Socfium azide NaN, decomposes to give sodium and pure dinitrogen on 
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gentle heating. Considerable care is needed as azides are often explosive. 
This method is not used commercially, but it is useful for making small 
quantities of very pure dinitrogen in the laboratory. 

2NaN 3 -► 2Na 4- 3N 2 

3. Nickel carbonyl Ni(CO) 4 is gaseous and may be produced by warming 
Ni with CO at 50 °C. Any impurities in the Ni sample remain solid and 
the gas is heated to 230°C, when it decomposes to give pure metal and 
CO which is recycled. This was the basis of the Mond process for 
purifying nickel which was used in South Wales from 1899 until the 
1960s. A new plant in Canada uses the same principle but uses 150°C 
and 20 atmospheres pressure to form Ni(CO) 4 . 

Ni ^O^^NKCOJ.^^Ni 4- 4CO 

4. The iodides are the least stable of the halides, and the van Arkel-de - 
Boer process has been used to purify small quantities of zirconium and 
boron. The impure element is heated with iodine, producing a volatile 
iodide Zrl 4 or BI 3 . These are decomposed by passing the gas over an 
electrically heated filament of tungsten or tantalum which is white hot. 
The element is deposited on the filament and the iodine is recycled. The 
filament grows fatter, and is eventually removed. The tungsten core is 
drilled out of the centre, and a small amount of high purity Zr or B is 
obtained. 

5. Most oxides are thermally stable at temperatures up to 1000°C but the 
metals below hydrogen in the electrochemical series decompose fairly 
easily. Thus HgO and Ag 2 0 decompose on heating. The mineral cinna¬ 
bar HgS is roasted in air to give the oxide, which then decomposes on 
heating. Silver residues from the laboratory and photographic pro¬ 
cessing are collected as AgCl and treated with Na 2 C0 3 , giving Ag 2 C0 3 , 
which decomposes on heating, first to Ag 2 0 and then to Ag.. 

2HgO -+ 2Hg 4- 0 2 

Ag 2 C0 3 —► C0 2 4- Ag 2 0 —► 2Ag + i0 2 

6. Dioxygen may be produced by heating hydrogen peroxide H 2 0 2 , bar¬ 
ium peroxide Ba0 2 , silver oxide Ag z O or potassium chlorate KC10 3 . 

2H 2 O z 2H z O -4 0 2 
2BaO z ^ 2BaO + 0 2 
2Ag 2 0 — > 2Ag 4* 0 2 
2KCI0 3 — 2KC1 4- 30 2 


Displacement of one element by another 

In principle any element may be displaced from solution by another 
element which is higher in the electrochemical series. The method is in* 
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applicable to elements which react 

involve sacrificing a cheap element tr> and 10 ** econ °m>c must 

P >ement to obtatn a more expensive element. 

1 Copper ores which are too lean in r„« r„ .u ^ 

roasting in air are left to be weather^ k * ,he . Cu ,0 be ex,racted by 

of CuS0 4 . The Cu 2 * ions are d‘s P ,aced L'r ”* "T f ° rm 3 so,uti °" 
iron which turns into Fe 2 * because C u meta by sacr,fic,n g scrap 
chemical series. ° n ,s a ^ ove copper in the electro- 
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re + eu‘ 


re + Cu 


Cadmium occurs ,n small amounts with zinc ores. The Zn is recovered 
by electrolysing a solut.on of ZnS0 4 which contains traces of CdS0 4 
After a time the amount of Cd 2 + has concentrated, and since Zn is 
above Cd in the electrochemical series some Zn metal is sacrificed to 
displace the Cd from solution as Cd metal. The Zn which was 
sacrificed is subsequently recovered by electrolysis. 

Zn + Cd 2 * -> Zn 2i 4- Cd 


3. Sea water contains Br ions. Chlorine is above bromine in the 
electrochemical series, and bromine is obtained by passing chlorine into 
sea water. 


Cl 2 + 2Br” — 2d" + Br 2 


High temperature chemical reduction methods 

A large number of commercial processes come into this group. Carbon can 
be used to reduce a number of oxides and other compounds, and 
because of the low cost and availability of coke this method is widely 
used. The disadvantages are that a high temperature is needed, which is 
expensive and necessitates the use of a blast furnace, and many metals 
combine with carbon, forming carbides. Some examples are: 


Reduction by carbon 


blast furnace 

Fe 2 OT + C- 


1200 °C 

ZnO + C -- 


Fe 

Zn 


clccinc furnace 

Ca,(P0 4 ) 2 + C-- 

2000°C 

MgO + C-- 

clccinc furnace 


P 

Mg (process now obsolete) 


PbO + C 


i* Pb 
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Reduction by another metal 

If the temperature needed for carbon to reduce an oxide is too high fo r 
economic or practical purposes, the reduction may be effected by another 
highly electropositive metal such as aluminium, which liberates a large 
amount of energy (1675kJ mol -1 ) on oxidation to AI 2 Ov This is the basis 
of the Thermite process : 

3Mn 3 0 4 + 8AI 9Mn + 4ALO, 

B 2 0, + A! —► 2B + Al 2 0, 

Cr 2 0, + A1 -♦ 2Cr + Al 2 0* 

i 

Magnesium is used in a similar way to reduce oxides. In certain cases where 
the oxide is too stable to reduce, electropositive metals are used to reduce 
halides. 


Kroll process 

TiCI 4 + 2Mg '"" <l '" S<rt . Ti + 2MgCI 2 
TiClj + 4Na ' Ml . Ti + 4NaCI 


Self-reduction 

A number of metals occur as sulphide ores (for example PbS, CuS and 
Sb 2 Sj) which may be roasted first in air to partially convert them to the 
oxide, and then further roasted in the absence of air. causing self- 
reduction: 


_ _ ro.i\i in .nr 

CuS-► 



ro.i>t 


without air 


-* Cu 4 SO-. 


Reduction of oxides with hydrogen 

CotO a 4 4H 2 — 3Co + 4H 2 0 
Ge0 2 + 2H : -> Ge 4 2H : 0 
NH 4 |Mo0 4 | 4 2H 2 — Mo + 4H 2 0 4 NH, 

NH 4 |W0 4 | 4- 2H : — W + 4H : 0 4 NH, 

This method is not widely used, because many metals react with hydrogen 
at elevated temperatures, forming hydrides. There is also a risk of ex¬ 
plosion from hydrogen and dioxygen in the air 


Electrolytic reduction 

The strongest possible reducing agent is an electron. Any ionic materia 1 
may be electrolysed, and reduction occurs at the cathode. This is an ex¬ 
cellent method, and gives very pure products, but electricity is expense 
Electrolysis may be performed: • 
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In aqueous solution 

carriet^out^ronveniemly^nd cheaply r ^ aC * Wi ‘ h Water ' elec,ro| y^ can be 

are obtained by e.ectro.ysis of aqueous ** 

In other solvents 

Electrolysis can be carried out in solvents n ,h„, ,u 

violently with water, and it is produced h i f ,h , 3n wa,er Fluonn e reacts 
anhydrous HF (The °< KHF, darohrd,« 

corrosive, rhe hydrogen”, HF » 
from the fluorine produced at the anode °^ e must he ^ e P ( separate 

must be rigorously excLed a „ d the £ 0 ° r ” £Xp !° Si ° n wi " W water 

and the reaction vessel ) Pr ° dUCed 3 " aCks ,he anode 
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In fused melts 

Elements that react with water are often extracted from fused melts of 
their ionic salts. These melts are frequently corrosive, and involve large 
fuel bills to maintain the high temperatures required. Aluminium is 
obtained by electrolysis of a fused mixture of Al 2 0, and cryolite 
Na.i[AlF h ]. Both sodium and chlorine are obtained from the electrolysis of 
fused NaCI: in this case up to two thirds by weight of CaCl 2 is added as an 
impurity to lower the melting point from 803°C to 505 °C. 


Factors influencing the choice of extraction process 

The type of process used commercially for any particular element depends 

on a number of factors. 

1. Is the element unreactive enough to exist in the free state? 

2. Are any of its compounds unstable to heat? 

3. Does the element exist as an ionic compound, and is the element stable 
in water? If both are true, is there a cheap element above it in the elec¬ 
trochemical series ^which can be sacrificed to displace it from solution? 

4 . Does the element occur as sulphide ores which can be roasted, or oxide 
ores which can be reduced - using carbon is the cheapest whilst the use 
of Mg. Al and Na as reducing agents is more expensive. 

5. If all other methods fail, electrolysis usually works for ionic materials, 
but is expensive. If the element is stable in water, electrolysing aqueous 
solutions is cheaper than using fused melts. 


Thermodynamics of reduction processes 

The extraction of metals from their oxides using carbon or other metals, 
and by thermal decomposition, involves a number of points which merit 

detailed discussion. 


* 
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Tabic 6.14 Reduction potentials and extraction methods 


Element 

E° (V) 

Materials 

Extraction method 

Lithium 

Li* | Li -3.05 

LiCI 

' Electrolysis of fused 

Potassium 

K* | K -2.93 

KCI, [KCI • MgCI 2 • 6H 2 0| 

salts, usually 
chlorides 

Calcium 

Ca 2 * | Ca -2.84 

CaCL 


Sodium 

Na + | Na -2.71 

NaCI 

i 

Magnesium 

Mg 2 * | Mg -2.37 

MgCI 2 . MgO 

Electrolysis of MgCI 2 
High temperature 
reduction with C 

Aluminium 

Al 3 * | Al -1.66 

AI 2 O 3 

Electrolysis of AI 2 Oi 
dissolved in molten 
Na,[AIF„| 

Manganese 

Mn 2 * | Mn -1.08 

MnjO«, Mn0 2 1 

Reduction with Al 

Chromium 

Cr 3 * | Cr -0.74 

FeCr 2 0 4 J 

Thermite process 

Zinc 

Zn 2 * | Zn -0.76 

ZnS 

Chemical reduction 

Iron 

Fe 2 * | Fe -0.44 

Fe 2 Oj, Fe A 

of oxides by C 
Sulphides are 

Cobalt 

Co 2 * | Co -0.27 

CoS 

converted to 

Nickel 

Ni 2 * | Ni -0.23 

NiS, NiAs 2 

oxides then 

Tin 

Sn 2 * | So -0.14 

Sn0 2 

reduced by C, or 

Lead 

Pb 2 * | Pb -0.13 

PbS ' 

sometimes H 2 

Copper 

Cu 2 * | Cu +0.35 

Cu(metal). CuS \ 

Found as native 

Silver 

Ag* | Ag +0.80 

Ag(metal). Ag 2 S, AgCI 1 

metal, or 

Mercury 

Hg 2+ | Hg +0.85 

HgS 

compounds easily 
decomposed by 

Gold 

Au 3+ | Au +1.38 

Au(metal) J 

heat. (Also 
cyanide extraction) 


For a spontaneous reaction, the free energy change AG must be 
negative. 

AC = A// - TAS 

AH is the enthalpy change during the reaction, T is the absolute 
temperature, and AS is the change in entropy during the reaction. 
Consider a reaction such as the formation of an oxide: 

M + 0 2 — MO 

Dioxygen is used up in the course of this reaction. Gases have a more 
random structure (less ordered) than liquids or solids. Consequently 
gases have a higher entropy than liquids or solids. In this reaction S the 
entropy or randomness decreases, and hence AS is negative. Thus if the 
temperature is raised then TAS becomes more negative. Since TAS is 
subtracted in the equation, then AG becomes less negative. Thus the free 
energy change increases with an increase of temperature. 

The free energy changes that occur when one gram molecule of a 
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Figure 6.5 Ellingham diagram showing the change in free energy AG with tem¬ 
perature for oxides (based on 1 gmol of dioxygen in each case). 


common reactant (in this case dioxygen) is used may be plotted graphically 
against temperature for a number of reactions of metals to their oxides. 
This graph is shown in Figure 6.5 and is called an Ellingham diagram (for 
oxides). Similar diagrams can be produced for one gram molecule of 
sulphur, giving an Ellingham diagram for sulphides, and similarly for 
halides. 

The Ellingham diagram for oxides shows several important features: 

1. The graphs for metal to metal oxide all slope upwards, because the free 
energy change increases with an increase of temperature as d.scussed 

above 

2. The free energy changes all follow a straight line unless the materials 
melt or vaporize, when there is a large change m entropy associated 
with the change of state, which changes the slope of the line (for 
example th'e Hg-HgO line changes slope at 356 C when Hg boils, and 
similarly Mg-MgO changes at 1120 C). 
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3. When the temperature is raised, a point will be reached where the 
graph crosses the AG = 0 line. Below this temperature the free energy 
of formation of the oxide is negative, so the oxide is stable. Above this 
temperature the free energy of formation of the oxide is positive, and 
the oxide becomes unstable, and should decompose into the metal and 

dioxygen. 

Theoretically all oxides can be decomposed to give the metal and 
dioxygen if a sufficiently high temperature can be attained. In practice 
the oxides of Ag, Au and Hg are the only oxides which can be decom¬ 
posed at temperatures which are easily attainable, and these metals 
can therefore be extracted by thermal decomposition of their oxides. 
4. In a number of processes, one metal is used to reduce the oxide of 
another metal. Any metal will reduce the oxide of other metals which 
lie above it in the Ellingham diagram because the free energy will 
become more negative by an amount equal to the difference between 
the two graphs at that particular temperature. Thus A1 reduces FeO, 
CrO and NiO in the well known Thermite reaction, but A1 will not 
reduce MgO at temperatures below 1500 °C. 

In the case of carbon reacting with dioxygen, two reactions are possible: 

C + O 2 —► CO 2 
C + i0 2 — CO 

In the first reaction, the volume of CO 2 produced is the same as the 
volume of 0 2 used, so the change in entropy is very small, and AG hardly 
changes with temperature. Thus the graph of AG against T is almost 
horizontal. 
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The second reaction produces two volumes of rn 
of dioxygen used. Thus A5 is positive an n h f S?, for every one vo,ume 
negative as T increases. Consequently the if 0 ** AC ? be “ mes increasingly 
slopes downwards (Figure 6 61 The tL r "V 1 " the E,,in 8 ham diagram 
cross at about 710»C B lt ,L ° ,meS *?' C - C0 > and C -» CO 

energetically more favourable, but abole tTo'^C th^f 10 " t0formC0 2 is 
preferred. e 710 C ,he formation of CO is 

bu^rsa r e r : d r r ox i de h in the «**>■ ° f 

Ellingham diagram. Since the AC Je 

cross and he below all the other graphs for metal/me,al oxide Thus n 

h[ph''temnera^" C0U ' d * T ‘° redUCe "> e ‘ a > °*ide if a Sufficient J 

S&FZXnr? A ' °" e ,ime M 8° educed by C at 

20°0 C, followed by shock (i.e. rapid) cooling, though this process* now 

““'l. Sim J larly , the reduction of very stable oxides like^Ti0 2 , ALO, 

and MgO is theoretically possible, but is not attempted because of the high 

cost and practical difficulties of using extremely high temperatures. A 

further limitation on the use of carbon for extracting metals is that at high 

temperatures many metals react with carbon, forming carbides. 

Many metals occur as sulphide ores. Though carbon is a good reducing 

agent for oxides, it is a poor reducing agent for sulphides. The reason why 

carbon reduces so many oxides at elevated temperatures is that the A G°/T 

line for CO has a negative slope. There is no compound CS analogous to 

CO with a steep negative AC 0 /71ine. Thus sulphides are normally roasted 

in air to form oxides before reducing with carbon. 
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2MS + 30 2 -► 2MO + 2S0 2 

In a similar way hydrogen is of limited use as a reducing agent for 
extracting metals from their oxides since the A G°/T line has a positive 
slope, and runs parallel to many metal oxide lines. 

2H 2 + [0 2 ] - 2H 2 0 


Thus only those metals with metal —> metal oxide lines above the hydrogen 
line will be reduced, and this does not change with temperature. A further 
problem with H 2 is that many metals react with hydrogen, forming 
hydrides, and if hydrogen remains dissolved in the metal (interstitial 
hydrides) it significantly affects the properties of the metal. 

Thermodynamic arguments about what will reduce a given compound 
have two limitations. They assume that the reactants and products are in 
equilibrium, which is often untrue, and they indicate whether a reaction is 
possible but do not predict the rate of reaction, or if some alternative 
reaction is even more favourable. 

further details of extraction processes and Ellingham diagrams for 
halides and sulphides are given in Further Reading (see Ives D.J.G., and 
Ellingham, H.J.T.). 





Tafcle 4.15 Extraction methods and the periodic table 
j-block 



sulphides converted to oxides 
then reduced by carbon 

Notes 

1. Al. F and Cl are obtained by electrolysis of solutions 

2. Br is obtained by displacement 

3. 1 is obtained by reduction 

4. Tc does not occur in nature 


k 
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HORIZONTAL, VERTICAI am ... 

IN THE PERIODIC TABLE AN ° D1AGON AL RELATIONSHIPS 

On moving across a period in • .. 

the outer shell increases from one n tn dlC, K ble ' thenUmberofelec,ronsin 
have one electron in their outer shell . Thus Group 1 elemen ‘s all 

because the loss of one electron le^. th u7 r6aCt the y are univa| ent. 
Group 2 elements have two electron. ; ,u n ° b e gas strue,ure - Similarly 
The valency of an s-block element k .iT' ° U,er Shel1 and are divalent - 
elements, the valency is normallv oh» " e 8r ° Up number - For p-block 
group number). This is the sTme"as the "“f" ~ 10) ° c < 18 " the 

outer shell, or (8 - this number of electro^ and f. el « c,rons in ‘he 

nitrogen) have five outer electrons lf.h.„ . . ° P 5 elemen,s (eg- 

bonds with other atoms, the nitrogen atom^ 6 * 6 ^ 6 Shared covalent 
and has a stable configuration Th!.. •, h3S 3 Sbare ln e '8 hl e| ectrons 
ammonia NH, Thf £1““' "““X" i» 

electrons. The valency should be 18 - n = , A ,1^ SCVen OU,er 
attained by gaining one electmn *;*k . V . * A stab,e structure is 

element. electrons thus determines the valency of the 

On moving from left to right across a period, the size of the atoms 
creases because of the additional nuclear charge. Thus the orbital 
electrons are more tightly held, and the ionization energy increases ^e 

elements become less basic. Thus Na 2 0 is strongly basic; AUO, is 

s in^ h °t , H nC i" d rCaC,S W ' th b ° ,h aCids and bases; S °2 is an a c' d 'c oxide 
since i dissolves in water to form sulphurous acid (H 2 SO,) and reacts with 

oases to form sulphites. Generally, metallic oxides are basic, whilst non- 

metallic oxides are acidic. 

On descending a group in the periodic table, the elements all have the 
same number of outer electrons and the same valency, but the size in¬ 
creases. Thus the ionization energy decreases and the metallic character 
increases. This is particularly apparent in Groups 14 and 15, which begin 
with the non-metals carbon and nitrogen and end with the metals lead and 
bismuth. The oxides become increasingly basic on descending the group. 

On moving diagonally across the periodic table the elements show cer¬ 
tain similarities. These are usually weaker than the similarities within a 
group, but are quite pronounced in the following pairs of elements: 

Li Be B C 

\ \ \ 

Na Mg A1 Si 

On moving across a period, the charge on the ions increases and the size 
decreases, causing the polarizing power to increase. On moving down a 
group, the size increases and the polarizing power decreases. On moving 
diagonally these two effects partly cancel each other, so that there is no 
mar ked change in properties. The type and strength of bond formed and 
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the properties of the compounds are often similar, although the valency j s j 
different. Thus lithium is similar to magnesium in many of its properties 
and beryllium is similar to aluminium. These similarities are examined in I 
more detail in the chapters on Groups 1, 2 and 13. Diagonal similarities 
are most important among the lighter elements, but the line separating the 
metals from the non-metals also runs diagonally. 
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PROBLEMS 

1. (a) How does the size of atoms vary from left to right in a period, and 

on descending a group in the periodic table? What are the reasons 
for these changes? 

(b) Can you explain the large atomic radii of the noble gases? 

(c) Why is the decrease in size between Li and Be much greater than 
that between Na and Mg or K and Ca? 

2. Explain what is meant by the ionization energy of an element. How 
does this vary between hydrogen and neon in the periodic table? 
Discuss how the variation can be related to the electronic structure of 

the atoms. 

3. (a) What is the correlation between atomic size and ionization 

energy? 

(b) Account for the fact that there is a decrease in first ionization 

energy from Be to B. and Mg to Al. 

(c) Suggest the reason for the decrease in first ionization energy from 

N to O, and P to S. 

(d) Explain why the substantial decrease in first ionization energy 
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observed between Na and K, and Mg and Ca, is not observed 
between A and Ga. 

(e) What is the significance of the large increase in the third ionization 
energy of Ca and the fifth ionization energy of Si? 

(f) Why is the first ionization energy of the transition elements 
reasonably constant? 

4. (a) What is electronegativity, and how is it related to the type of bond 

formed? 

(b) What are Fajans’ rules? 

(c) Predict the type of bonds formed in HCI, CsCI, NHj, CS 2 and 
GeBr 4 . 

5. (a) List the different scales of electronegativity and briefly describe 

the theoretical basis behind each. 

(b) Give four examples to show how electronegativity values may be 
used to predict the type of bond formed in a compound. 

6. Use a modified Born-Haber cycle suitable for the estimation of 
electrode potentials to explain: 

(a) Why Li is as strong a reducing agent as Cs 

(b) Why Ag is a noble metal and K a highly reactive metal. 

7. (a) What are the standard electrode potentials, and how are they 

related to the electrochemical series? 

(b) Explain the recovery of copper from solution using scrap iron. 

(c) How is it possible to preferentially deposit metals electrolytically, 
e.g. Cu, Ni, and Zn from a solution containing all three? 

(d) Why is it possible to obtain zinc by electrolysis of an aqueous 
solution even though the electrode potentials would suggest that 
the water should decompose first? 

8. (a) Explain why Cu* disproportionates in solution. 

(b) Explain why the standard reduction potentials for Cu 2 -♦ Cu* and 
Cu* —> Cu are +0.15 and +0.50 volt, respectively, yet that for 
Cu 2 * —► Cu is + 0.34 volt. 

9. Name the eight most abundant elements in the earth’s crust and place 
them in the correct order. 

10. Describe the following named metallurgical processes: (a) Bessemer, 
(b) BOP, (c) Kroll, (d) Van Arkel, (e) Hall-H£roult, (f) Parkes. 

11. Which elements occur in the native state? 

12. List five ores which are smelted, and give equations to show what 
occurs during smelting. 

13. Describe the extraction of three different elements using carbon as the 
reducing agent. 

14. Draw an EHingham diagram for metal oxides and explain what 
information can be obtained from it. In addition explain why most of 
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slope and w^t U h^» ar<1S ^ t0 right ’ why the ,incs chan 8 e in 
slope, and what happens when a line crosses the AC = 0 axis.- 


15 ‘ ??**»2*r diagram for oxid « to find: 

(a) if A1 will reduce chromium oxide 

(b) at what temperature C will reduce magnesium oxide, and 

C elements tem P erature mercu *"ic oxide will decompose into its 


16. Explain in detail the processes involved in the production of pig iron 
and steel. r ° 


17. Describe the extraction of two metals and two non-metals by 
electrolysis. 

18. Describe the extraction of magnesium and bromine from sea water. 
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Coordination compounds 



DOUBLE SALTS AND COORDINATION COMPOUNDS 

Addition compounds are formed when stoichiometric amounts of two 
or more stable compounds join together. For example: 

KC1 + MgCI 2 + 6H 2 0 -» KCI • MgCI 2 • 6H 2 0 

(carnallite) 

K 2 SO« + AI 2 (S0 4 ) 3 + 24H z O -> K 2 S0 4 • AI 2 (S0 4 ), ■ 24H,0 

(potassium alum) 

CuS0 4 + 4NH 3 + H 2 0 -► CuSO„ • 4NH 3 • H 2 0 

(tetrammine copper(ll) sulphate 
monohydrate) 

Fe(CN) 2 + 4KCN -► Fe(CN) 2 -4KCN 

(potassium ferrocyanide) 

Addition compounds are of two types: 

l I!* 0 * ,ose ,heir identity in solution (double salts) 

2. Those which retain their identity in solution (complexes) 

«heTo n De C S a nf ^ C w na " i,e 3re dissolved in waler - solution show, 
potassium alum «h t and ^ ' ' ons In a s ' mi * ar w ay, a solution o 

«e^th exilnliTn M Pr ° , r :r,ieS ° f K+ ’ A|3+ and SO '“ ions Thes. 

wS ° f ° U 6 l Wh ' Ch CX ' St on| y in the crystalline state 

thev do nm f Cr • examples of coordination compounds dissolv. 
S. ” ns : c “ •« f'" »"*! CN- - bu, tab. 

!cu(HOWNH T- "ri Tl, “ ,hc cup roamm o». um io. 

I ( 2 ) 2 (NHj) 4 ) and the ferrocyanide ion IFefC'N^ 1 J ~ a 

by the use of * h h" ^ and in SO,u ' io " implex iois are sho^ 

coordination X Z "V'H C ? mP ° U " dS «>"‘ a 'ning these ions are calk, 
£?H “T u ; ,ds . The ch r imy of™"* 1 ions in solution ,s esscn 
form manv stahU ° ' CO ™ pexfs - Transition metal ions, in particular 
SSTer io w Z o7 P T " SOlU,i ° n ffee ' me,al io "* are coordinate. 

complex r Cum OH" ^ 11 ~ C “" exi *‘ s as «* ^ h,u ' 

2 )<>) in aqueous solution (and also in hydratei 
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crystalline salts). If aqueous ammonia is added to this 
deep blue cuproammonium ion is formed: 


solution, the familiar 


[Cu(H 2 0) h | 2+ + 4NH, ^ [Cu(H 2 0) 2 (NH,) 4 | 2+ + 


Note that this reaction is a substitution 
water in the complex ion. 


reaction, and the 


4H 2 0 

NH 3 replaces 


WERNER’S WORK 


Werner s coordination theory in 1893 was the first attempt to explain 
the bonding in coordination complexes. It must be remembered that this 
imaginative theory was put forward before the electron had been dis¬ 
covered by J.J. Thompson in 1896, and before the electronic theory of 
valency. This theory and his painstaking work over the next 20 years won 
Alfred Werner the Nobel Prize for Chemistry in 1913. 

Complexes must have been a complete mystery without any knowledge 
of bonding or'structure. For example, why does a stable salt like CoCI 3 
react with a varying number of stable molecules of a compound such as 
NH 3 to give several new compounds: CoC 1 3 -6NH 3 , CoCI 3 5NH 3 and 
CoC 1 3 -4NH 3 ? What are their structures? At that time X-ray diffraction, 
which is the most powerful method of determining the structures of 
crystals, had yet to be discovered. Werner did not have at his disposal any 
of the modern instrumental techniques, and all his studies were made using 
simple reaction chemistry. Werner was able to explain the nature of bonding 
in complexes , and he concluded that in complexes the metal shows two dif¬ 
ferent sorts of valency: 


1. Primary valencies. These are non-directional. The modern explanation 
would be as follows. The complex commonly exists as a positive ion. 
The primary valency is the number of charges on the complex ion. In 
compounds, this charge is matched by the same number of charges from 
negative ions. Primary valency applies equally well to simple salts and 
to complexes. Thus in C 0 CI 2 (Co 2 * + 2CI ) there are two primary 
valencies, i.e. two ionic bonds. The complex [Co(NH 3 )*]CI 3 actually 
exists as [Co(NH 3 ) 6 )' + and 30'. Thus the primary valency is 3, as there 


are three ionic bonds. 

2. Secondary valencies. These are directional. In modern terms the 

number of secondary valencies equals the number of ligand atoms 

coordinated to the metal. This is now called the coordination number. 

Ligands are commonly negative ions such as Cl , or neutra mo ecu es 

such as NH V Less commonly, ligands may be positive ions such as 

NO* Each metal has a characteristic number of secondary valencies. 

Thus in [CofNHsklCI, the three CP are held by primary valences. The 

six NH, groups are held by secondary valencies. 

c j , h. rational and so a complex ion has a par- 

Secondary valences are d rec " n ,r o(NHl) J'* is octahedral. Werner 

ticular shape, e.g. the comp ex j,|,i s j,y preparing as many 

deduced the shapes of many complexes. 
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different isomeric complexes of a system as was possible. He noted the 
number of isomers formed and related this number to the number 0 f 
isomers predicted for different geometric shapes. The most common co- 
ordination number in transition metal complexes is 6 , and the shape is 
usually octahedral. The coordination number 4 is also common, and this 
gives rise to either tetrahedral or square planar complexes. 

Werner treated cold solutions of a series of coordination complexes with 
an excess of silver nitrate, and weighed the silver chloride precipitated. 
The- stoichiometries of complex-AgCI formed were as follows: 

CoCI 3 ■ 6 NH 3 - 3AgCI 
C 0 CI 3 * 5NH 3 - 2 AgCl 
C 0 CI 3 • 4NH 3 —► lAgCI 

Werner deduced that in C 0 CI 3 • 6 NH 3 the three chlorines acted 
as primary valencies, and the six ammonias as secondary valencies. 
In modern terms the complex is written [Co(NH 3 ) 6 ]C1 3 . The three Cl" are 
ionic and hence are precipitated as AgCI by AgN0 3 . The six NH 3 ligands 
form coordinate bonds to Co 3+ , forming a complex ion [Co(NH 3 ) 6 ] 3 * 
(Figure 7.1a). 

Werner deduced that loss of one NH 3 from CoC1 3 -6NH 3 should give 
C 0 CI 3 • 5NH 3 , and at the same time one Cl changed from being a pri¬ 
mary valency to a secondary valency. Thus this complex had two.primary 
valencies and six secondary valencies. In modern terms the complex 
[Co(NH 3 ) 5 CI]C 1 2 ionizes to give [Co(NH 3 ) 5 CI] 2+ and two Cl' ions. Thus 
only two of the three chlorine atoms are ionic and thus only two are 
precipitated as AgCI with AgN0 3 . Five NH 3 and one Cl form coordinate 
bonds to Co 3 *, forming a complex ion (Figure 7.1b). 

Similarly in CoCI 3 • 4NH 3 Werner deduced that one Cl formed a primary 
valency, and that there were six secondary valencies (two Cl and four 
NH 3 ). In modern terms the complex [Co(NH 3 ) 4 CI 2 ]CI ionizes to give 
[Co(NH 3 ) 4 CI 2 J* and Cl“ and so only one Cl“ can be precipitated as AgCI. 
The coordination number of Co 3 + is 6 ; in this case four NH 3 and two Cl 
form coordinate bonds to Co 3 *. The old and modern ways of writing the 
formulae of these complexes are shown in Table 7.1. 

Thus Werner established that the number of secondary valencies (that is 
the coordination number) was 6 in these complexes. He then attempted to 



Figure 7.1 Structures of (a) [Co(NH 3 ) 6 ]Cl 3 and (b) [CofNHjhCljCb. 


2 CI- 


MORj_RE CENT MET HODS OF STUDYING COMPLEXES 


Table 7.1 Formula e of some cobalt complexes 
Old 


New 


CoCI,- 6 NH, 
CoCI, • 5NH, 
CoCI, • 4NH, 


Co(NH,)*]’* 3CI- 
[Co(NH,),Clp 2CI- 
|Co(NH,).a 2 ] + cr 


find the shapes of the complexes. The possible arrangements of six groups 
round °ne atom are a planar hexagon, a trigonal prism, and an octahedron 
(Figure .2). Werner then compared the number of isomeric forms he had 

obtained with the theoretical number for each of the possible shapes 
(Table 7.2). 


Table 7.2 Number of isomers predicted and actually found 


Complex 

Observed 


Predicted 


Octahedral 

Planar hexagon 

Trigonal prism 

[MX.] 

1 

1 

1 

1 

|mx 5 yi 

1 

1 

1 

1 

|mx,y 2 ] 

2 

2 

3 

3 

|MX,Y,j 

2 

2 

3 

3 


These results strongly suggested that these complexes have an 
octahedral shape. This proof was not absolute proof, as it was just possible 
that the correct experimental conditions had not been found for preparing 
all the isomers. More recently the X-ray structures have been determined, 
and these establish that the shape is octahedral (Figure 7.3). 
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Planar hexagon 



Trigonal prism 



Octahedron 


Figure 7.2 Possible geometric 
shapes for six-coordination. 


Figure 7.3 Isomers in 
octahedral complexes. 
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More recently, with a bidentate ligand such as ethylenediamine (1,2- 

diaminoethane), two optically active isomers have been foun ' igure 7.4). 


Cl NH, 



Cl NH, 
eis 

Cl NH, 



NH, Cl 
irons 

Figure 7.5 Isomerism in square 
planar complexes. 



plane 

Figure 7.4 Optical isomerism in octahedral complexes. 

In a similar way, Werner studied a range of complexes which included 
[Pt ,, (NH 3 ) 2 CI 2 J and [Pd'^NHjfeCh]. The coordination number is 4, and 
the shape could be either tetrahedral or square planar. Werner was able to 
prepare two different isomers for these complexes. A tetrahedral complex 
can only exist in one form, but a square planar complex can exist in two 
isomeric forms. This proved these complexes are square planar rather than 
tetrahedral (Figure 7.5). 

MORE RECENT METHODS OF STUDYING COMPLEXES 

The electrical conductivity of a solution of an ionic material depends on: 

1. The concentration of solute. 

2 . The number of charges on the species which are formed on dissolution. 

Molar conductivities relate to a 1 M solution and thus the concentration 
factor is removed. The total number of charges on the species formed when 
the complex dissolves can be deduced by comparison of its molar con¬ 
ductivity with that of known simple ionic materials (Table 7.3). These 
conductivities suggest the same structures for the cobalt/ammonia/chlorine 



LiCI _ 

CaCI 2 

CoCI 3 5NH 3 
CoBr, • 5NH 3 
LaClj _ 
c oC| 3 6 NH 3 
CoBr 3 • 6NH 3 



U 3+ 3Cr 


(total of 2 charges) 
(total of 4 charges) 

(total of 6 charges) 


ohm 1 cm : mol" 1 


112.0 

260.8 

261.3 

257.6 

393.5 

431.6 
426.9 
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Table 7.4 Number of charges related to modern and Werner structures 



Charges 

Primary valency 
ionizable chlorines 

Secondary valency 

[Co(NH,).l ,+ 30- 

6 

3 

6 NH, = 6 

|Co(NH,),0] J * 20- 

4 

2 

5NH, + icr = 6 

[Co(NH,)«a 2 P a- 

2 

1 

4NH, + 2CI" = 6 


complexes mentioned earlier, as do the results from Werner’s AgCI experi¬ 
ments. shown in Table 7.4. 

The freezing point of a liquid is lowered when a chemical substance is 
dissolved in it. Cryoscopic measurements involve measuring how much the 
freezing point is lowered. The depression of freezing point obtained de¬ 
pends on the number of particles present. Cryoscopic measurements can 
be used to find if a molecule dissociates, and how many ions are formed. If 
a molecule dissociates into two ions it will give twice the expected 
depression for a single particle. If three ions are formed this will give three 
times the expected depression. Thus: 


LiCI — Li+ + CP 
MgCl 2 — Mg 2+ + 2C r 
LaClj —» La ,1+ + 3CI" 


(2 particles) 
(3 particles) 
(4 particles) 


'(2 charges)' 
(4 charges) 
(6 charges) 


The number of particles formed from a complex molecule determines the 
size of the depression of freezing point. Note that the number of particles 
formed may be different from the total number of charges which can be 
obtained from conductivity measurements. The two types of information 
can be used together to establish the structure (Table 7.5). 

The magnetic moment can be measured (see Chapter 18 - Magnetic 
properties). This provides information about the number of unpaired elec¬ 
tron spins present in a complex. From this it is possible to decide how the 
electrons are arranged and which orbitals are occupied. Sometimes he 
structure of the complex can be deduced from this For example, the 
compound Ni"(NH,) 4 (NO.O: • 2H 2 0 might contain four ammonia mol- 


Table 7.5 Establishing the structure of co mplexes 
Formula 


Cryoscopic Molar 
measurement conductivity 


CoCl 3 • 6 NH* 

C 0 CI 3 • 5NH* 

C 0 CI 3 • 4 NH 3 

CoCU 3NH3 
Co(N0 2 )3 * KNO> • 2 NH 3 
Co(NO >)3 * 2 KNO-. • NH 3 
Co(NO,h-3KNQ 2 


4 particles 
3 particles 
2 particles 

1 particle 

2 particles 

3 particles 

4 particles 


6 charges 
4 charges 
2 charges 
0 charge 
2 charges 
4 charges 
6 charges 


Structure 


|Co(NH0»r, 30 
|Co(NHj),CI)‘* 20- 
[Co(NH,)4CI : r cr 
ICo(NHj)jCIj) 

K* |Co(NH,)j(N0 2 )4| 
2K* |Co(NHj)(NO ; ),| ; 
3K* |Co(N0 2 )„|'- 
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ecules coordinated to Ni in a square planar [Ni(NH 3 ) 4 ] 2+ ion and two 
molecules of water of crystallization and have no unpaired electrons 
Alternatively the water might be coordinated to the metal, giving an 
octahedral [Ni(H 2 p) 2 (NH 3 ) 4 ] 2+ complex with two unpaired electrons. 
Both these complex ions exist and their structures can be deduced from 
magnetic measurements. 

Dipole moments may also yield structural information but only for non¬ 
ionic complexes. For example, the complex [Pt(NH 3 ) 2 CI 2 ] is square planar, 
and can exist as cis or trans forms. The dipole moments from the various 
metal-ligand bonds cancel out in the trans configuration. However, a finite 
dipole moment is given by the cis arrangement (Figure 7.5). 

Electronic spectra (UV and visible) also provide valuable information on 
the energy of the orbitals, and on the shape of the complex. By this means it 
is possible to distinguish between tetrahedral and octahedral complexes, 
and whether the shape is distorted or regular. 

The most powerful method, however, is the X-ray determination of the 
crystal structure. This provides details of the exact shape and the bond 
lengths and angles of the atoms in the structure. 


EFFECTIVE ATOMIC NUMBERS 

The number of secondary valencies in the Werner theory is now called the 
coordination number of the central metal in the complex. This is the 
number of ligand atoms bonded to the central metal ion. Each ligand 
donates an electron pair to the metal ion. thus forming a coordinate bond. 

ansition metals form coordination compounds very readily because thev 
have vacant, d orbitals which can accommodate these elecSonST The 

sssr srr ? ** " owe ^ X 

SJXT*" ru ,"' ! " g8es “‘ l ,hM 

the same numhor 1 cen * ra I metal was surrounded by 

hexacyanoferrate(II) VfFefCN> i^f "° ble gaS- Consider potassium 
ide). An iron atom haOA.i^ * (f ° rmerly Ca,led P° ta «ium ferrocyan- 

24 e I ec t ro n s ° Then exI n o W e^a s°K r has \f? f ™ 

six electron pairs from six CN~ i;„ a electrons - Thus the addition of 

effective atomic number (EANt of F> 2 + 12 elec,rons ' ,hus raising the 

(tAN) of Fe- + in the complex [Fe(CN) 6 j J - to 36. 

[24 + (6 x 2) = 36] 

F T r £? p, r are givcn in Tab,e ? - 6 - 

• 1 W “«»* » ™-y — 

EAN IS not quite that of a noble^Is^If'ih^h" °[ excep,,ons where the 
number of electrons for i g tbe on 8 >nal metal ion has an odd 

result m a noble gas’structure t ° f elec,ron pairs cannot 

figuration is a significant u C tcn< * enc y t0 attain a noble gas con¬ 
formation. It is also necessarJt U * n0t 3 necessar y condition for complex 

necessary to produce a symmetrical structure (tetra- 
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SHAPES OF d ORBITALS 

Since d orbitals are often used in coordination complexes it is important 
to study their shapes and distribution in space. The five d orbitals are not 
identical and the orbitals may be divided into two sets. The three 
orbitals have identical shape and point between the axes, jr, y and z. The 


x x y 



iJk Shapes of d orbitals. 
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two e g orbitals have different shapes and point along the axes (Figure 7.6) 
Alternative names for t 2g and e g are dz and dy respectively. 

$ 

BONDING IN TRANSITION METAL COMPLEXES 

There are three theories of metal to ligand bonding in complexes, all dating 
back to the 1930s. 


Valence bond theory 

This theory was developed by Pauling. Coordination compounds contain 
complex ions, in which ligands form coordinate bonds to the metal. Thus 
the ligand must have a lone pair of electrons, and the metal must have an 
empty orbital of suitable energy available for bonding. The theory con¬ 
siders which atomic orbitals on the metal are used for bonding. From this 
the shape and stability of the complex are predicted. The theory has two 
main limitations. Most transition metal complexes are coloured, but the 
theory provides no explanation for their electronic spectra. Further, the 
theory does not explain why the magnetic properties vary with tempera¬ 
ture. For these reasons it has largely been superseded by the crystal field 
theory. However, it is of interest for study as it shows the continuity of the 
development of modern ideas from Werner’s theory. 


Crystal field theory 

This theory was proposed by Bethe and van Vleck. The attraction between 
the central metal and ligands in the complex is considered to be purely 
electrostatic. Thus bonding in the complex may be ion-ion attraction 
(between positive and negative ions such as Co 3 " and Cl"). Alternatively, 
ion-dipole attractions may give rise to bonding (if the ligand is a neutral 
molecule such as NH 3 or CO). NH, has a dipole moment with a 5- charge 
on N and 6+ charges on H. Thus in [Co(NH,)*] 3 * the 6- charge on the 
N atom of each NH, points towards the Co 3 *. This theory is simple. It 
has been remarkably successful in explaining the electronic spectra and 
magnetism of transition metal complexes, particularly when allowance is 
made for the possibility of some covalent interaction between the orbitals 
on the metal and ligand. When some allowance is made for covalency, the 
theory is often renamed as the ligand field theory. Three types of inter- 

hn h" ar ^ POS , S u le: . G ° Ver,ap ° f ° rbita,S ’ n over,a P of orbitals, °r dn-pn 
bonding (back bonding) due to it overlap of full d orbitals on the metal 
with empty p orbitals on the ligands. 


Molecular orbital theory 

Both covalent and ionic contributions are fully allowed for in this theory. 

Though -his theory is probably the most important approach to chemical 
bonding, it has not displaced the other theories. This is because the quan¬ 
titative calculations involved are difficult and lengthy, involving the use 




of extensive computer time Mnrh 

obtained by other approaches usinp 6 qua ltat * ve description can be 

pproacnes using symmetry and group theory. 

VALENCE BOND THEORY 

The formation of a complex mav he a 

steps. First the appropriate metal ion is taken fg “S? A 

the outer electronic structure 3d 7 4s 2 Thi.c ’ a r 3 + • ‘ A Co atom has 



If this ion forms a complex with six ligands, then six empty atomic orbitals 
are required on the metal ion to receive the coordinated lone pairs of 
electrons. The orbitals used are the 4 s, three 4 p and two 4d. These are 
hybridized to give a set of six equivalent sp'd 2 hybrid orbitals. A ligand 
orbital containing a lone pair of electrons forms a coordinate bond by 
overlapping with an empty hybrid orbital on the metal ion. In this way a 
a bond is formed with each ligand. The d orbitals used are the 4 
and 4d z i. In the diagrams below, electron pairs from the ligands are shown 
as . 



(sfPd 2 hybridization) 
octahedral shape 
outer orbital complex 
high-spin complex 


Since the outer 4d orbitals are used for bonding this is called an outer 
orbital complex. The energy of these orbitals is quite high, so that the 
complex will be reactive or labile. The magnetic moment depends on the 
number of unpaired electrons. The 3d level contains the maximum number 
of unpaired electrons for a d 6 arrangement, so this is sometimes called a 
high-spin or a spin-free complex. An alternative octahedral arrangement is 
possible when the electrons on the metal ion are rearranged as shown 
below. As before, lone pairs from the ligands are shown as,;. 



(^sp 3 hybridization) 
octahedral shape 
inner orbital complex 
low-spin complex 
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[~204 


Since low energy inner d orbitals are used this is called an inner orbital 
complex. Such complexes are more stable than the outer orbital com¬ 
plexes. The unpaired electrons in the metal ion have been forced to pair 
up, and so this is now a low-spin complex. In this particular case all the 
electrons are paired, so the complex will be diamagnetic. 

The metal ion could also form four-coordinate complexes, and two dif¬ 
ferent arrangements are possible. It must be remembered that hybrid 
orbitals do not actually exist. Hybridization is a mathematical manipulation 
of the wave equations for the atomic orbitals involved. 


full 

inner 

shell 




3d 



4s 


ip 


3 

□ 

□ 

□ 

0 

0 

ti 

t; 

n 

*- 

_ 

_i 


(sp 3 hybridization) 
tetrahedral shape 


4 d 


full 

inner 

shell 


3d 


0 

t£ 

t 

t 

0 


L 


4S ip 



(dsp? hybridization) 
square planar shape 


id 


i ne theory does not explain the colour and spectra of complexes The 
theory shows the number of unpaired electrons From this The magnefic 
moment can be calculated (see Chapter 18). However, i, doesnoTSn 
why the magnet,c moment varies with temperature P 


wwaiAL MfcLD THEORY 

Snd7he“ wi *'y acce P,ed than the valence 

the ligands in a colTex iTn!,!! , !. 0 " be * WCen thc cen,ral and 
forms the central atom in^he romoTeT* 3110 '‘ rans,tion mc,a l which 
charge equal to the oxlToI •“ regardcd as a Positive ion of 

or neutral molecules which have a taJe by " e8ative ''gands 

neutral molecule such as NH ^ of electrons. If the ligand is a 

, 1 “ X < ” *• di ^ » ■*» 

metal are under repulsive forces from th ^ e e L c,rons on the central 
electrons occupy the d orbita “f Jth«, ‘ ? * hc U 8 ands - Thus the 

Proach of ligands. In the crystal fiTw .K y f° m thc d «ection of ap- 
are made. Crys,al fic,d ‘heory the following assumptioE 

2 ii gands are treated as point charges 

3. a " d '* a " d orbitals. 

m the free atom. However when * ?" ergy (that is dc generate) 

destroy the degeneracy of the* orbitals'" i e" ,h 'T, ,hc “ gands 

» i c. the orbitals now have 
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different energies. In an isolated gaseous metal ion, the five d orbitals 
do all have the same energy, and are termed degenerate. If a spherically 
symmetrical field of negative charges surrounds the metal ion, the d 
orbitals remain degenerate. However, the energy of the orbitals is 
raised because of repulsion between the field and the electrons on the 
metal. In most transition metal complexes, either six or four ligands 
surround the metal, giving octahedral or tetrahedral structures. In both 
of these cases the field produced by the ligands is not spherically 
symmetrical. Thus the d orbitals are not all affected equally by the 
ligand field. 


Octahedral complexes 

In an octahedral complex, the metal is at the centre of the octahedron, and 
the ligands are at the six corners. The directions x , y and z point to three 
adjacent corners of the octahedron as shown in Figure 7.7. 

The lobes of the t % orbitals (d X 2 . yi and d z i) point along the axes x, y and 
z. The lobes of the t 2g orbitals (d xy , d xz and d yz j point in between the axes. 

It follows that the approach of six ligands along the x,y,z, ~y and z 
directions will increase the energy of the d x i- y > and d z i orbitals (w ic 
point along the axes) much more than it increases the energy of the xy , xz 
and d y , orbitals (which point between the axes). Thus under influence 
of an octahedral ligand field the d orbitals split into two groups of different 

^Rather thanTeferring to the energy level of an isolated the 

weighted mean of these two sets of perturbed orbitals ,s Wk '" “ ^ „ 
this is sometimes called the Bari centre. The difference in e gy ^ 

the two d levels is given either of the symbols Ao or <)• 



Figure 7.7 The directions 
octahedral complex. 
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Energy^ 



Average energy level 
(Ban centre) 


Average energy Metal ion 

of metal ion in octahedral 

in spherical field 

field 


Figure 7.9 Diagram of the energy levels of d orbitals in an octahedral field. 


the e g orbitals are +0.6Ao above the average level, and the t 2g orbitals are 
-0.4Ao below the average (Figure 7.9). 

The size of the energy gap Ao between the t 2g and e % levels can be 
measured easily by recording the UV-visible spectrum of the complex. 
Consider a complex like [Ti(H 2 0) 6 ] 3+ . The Ti 3 * ion has one d electron. In 
the complex this will occupy the orbital with the lowest energy, that is one 
of the t 1% orbitals (Figure 7.10a). The complex absorbs light of the correct 
wavelength (energy) to promote the electron from the f 2e level to the e 
level (Figure 7.10b). g 

The electronic spectrum for [Ti(H 2 0)) 3+ is given in Figure 7.11. The 
steep part of the curve from 27 000 to 30 000 cm ' 1 (in the U V region) is due 
to charge transfer. The d- d transition is the single broad peak with a 
maximum at 20300cm' 1 . Since 1 kJmol" 1 = 83.7cm' 1 . the value of Ao 



Figure 7.10 d' configuration: (a) ground state, (b) excited state. 
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Figure 7.11 Ultraviolet and visible absorption spectrum of [Ti(H 2 0)J 3+ . 

for [Ti(H 2 Or « 20300/83.7 = 243kJ mol-. This is much the same as 
the energy of many normal single bonds (see Appendix F). 

The above method is the most convenient way of measuring A© values. 
However, At, values can also be obtained from values of observed lattice 
energies and those calculated using the Born—Landd eauation (see 
Chapter 3). v 

Solutions containing the hydrated Ti 3+ ion are reddish violet coloured. 
This is because yellow and green light* are absorbed to excite the elec¬ 
tron. Thus the transmitted light is the complementary colour red-violet 
(Table 7.7). 

Because of the crystal field splitting of d orbitals, the single d electron in 
[Ti(H 2 0)] 3 * occupies an energy level 2/5A 0 below the average energy of 
the d orbitals. As a result the complex is more stable. The crystal held 
stabilization energy (CFSE) is in this case 2/5 x 243 = 97kJmor l . 


Table 7.7 Colours absorbed and colours observed 

Colour absorbed Colour observed Wavenumber 

observed (cm - ) 


yellow-green 

yellow 

orange 

red 

purple 
red-violet 
indigo 
blue 

blue-green 


red -violet 

indigo 

blue 

blue-green 
green 

yellow-green 

yellow 

orange 

red 


24000-26000 
23000-24000 
21000-23000 
20000 - 21000 
18000-20000 
17300-18000 
16400-17300 
15300-16400 
12800-15300 
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Table 7.8 Crystal field splittings by various ligands 


Complex 

Absorption peak 

(cm ') 

(kJ mor 1 ) 

[Cr ,,, Cl 6 ] 3- 

13640 

163 

[Cr'''(H 2 0) 6 P + 

17830 

213 

Cr (NH 3 ) 6 ] 3+ 

21680 

259 

[Cr'"(CN)*p- 

26280 

314 


The magnitude of A 0 depends on three factors: 

1. The nature of the ligands. 

2. The charge on the metal ion. 

3. Whether the metal is in the first, second or third row of transition 
elements. 

Examination of the spectra of a series of complexes of the same metal 
with different ligands shows that the position of the absorption band (and 
hence the value of Ao) varies depending on the ligands which are attached 
(Table 7.8). 

Ligands which cause only a small degree of crystal field splitting are 
termed weak field ligands. Ligands which cause a large splitting are called 
strong field ligands. Most A values are in the range 7000 cm _l to 
30000cm .'The common ligands can be arranged in ascending order of 
crystal field splitting A. The order remains practically constant for different 
metals, and this series is called, the spectrochemical series (see Further 
Reading Tsuchida, 1938; Jorgensen, 1962). 

Spectrochemical series 

weak field ligands 

*" < Br " < S 2 " < a - < NC >3 < F" < OH” < EtOH < oxalate < H 2 0 

< EDTA < (NHj and pyridine) < ethylenediamine < dipyridyl 

< o-phenanthroline < NOf < CN - < CO 

strong field ligands 

Jhe spectrochemical series is an experimentally determined series. It is 
ifficult to explain the order as it incorporates both the effects of a and n 
bonding. The halides are in the order expected from electrostatic effects, 
n other cases we must consider covalent bonding to explain the order. A 
pattern of increasing <x donation is followed: 

halide donors < O donors < N donors < C donors 

The crystal field splitting produced by the strong field CN ligand is about 
double that for weak field ligands like the halide ions. This is attributed to 
K ^ding in which the metal donates electrons from a filled / 2g orbital into 
a vac *nt orbital on the ligand. In a similar way, many unsaturated N donors 
and C donors may also act as n acceptors. 

The magnitude of Ao increases as the charge on the metal ion increases. 


Oxidation 

state 

(+11) Electronic 
configuration 
A c in cm' 1 
A 0 in kJ mol' 1 

(-I-III) Electronic 
configuration 
A 0 in cm -1 
A c in kJ mol -1 


hexa ~ a qua complexes of and M 

Ti v 

Cr 

Mn 

Fe 

Co Ni 

d 1 d 1 

d A 

d 5 

d b 

d' 


12 15l I3 (^66i 78 S? 10400 9 300 8500 >2600 
Jr ( ‘f 6) 93 124 HI 102 (151) 

d * s * s d > 


AJnkJmol- 2 °^ ‘ 8 g 17 ^ 21 g } 13700 18600 - 
Values for d* and d' are approximate because of tetragonal distortion. 


Table 7.10 A„ crystal field splittings 


in one group 
kJ mol" 1 


[Co(NH 3 ) 6 ] 3 * 

[Rh(NH 3 ) 6 ] 3 * 

[lr(NH,) 6 13* 


24800 

34000 

41000 


For first row transition metal ions, the values of A* for M 3 * complexes are 
roughly 50% larger than the values for M 2+ complexes (Table 7.9). 

The value of Ao also increases by about 30% between adjacent members 
down a group of transition elements (Table 7.10). The crystal field stabiliz¬ 
ation energy in [Ti(H 20 ) 6 ] 3 *, which has a d 1 configuration, has previously 
been shown to be -0.4Ao. In a similar way, complexes containing a metal 
ion with a d 2 configuration will have a CFSE of 2 x -0.4A,, = -0.8A,, by 
singly filling two of the t 2g orbitals. (This is in agreement with Hund's rule 
that the arrangement with the maximum number of unpaired electrons 
is the most stable.) Complexes of d } metal ions have a CFSE of 3 x 
—0.4 Aq = — 1.2Ao. 

Complexes with a metal ion with a d 4 configuration would be expected 
to have an electronic arrangement in accordance with Hund s rule (Figure 
7.12a) with four unpaired electrons, and the CFSE will be (3 x -0.4Ao) + 
(0.6Ao) = -0.6Ao. An alternative arrangement of electrons which does 
not comply with Hund’s rule is shown in figure d 12b. This arrangement 

has two unpaired electrons, and the CFSE is ( x p 

The CFSE is larger than in the previous case. However, the energy P used 
to pair the electrons must be allowed for so the total s«abUu»..on energy .s 
-1 fiA + p These two arrangements differ in the number of unpaired 

electrons. Tlie one with the most unpaired electrons 
£1on whether the energy to promote an 
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Figure 7.12 High- and low-spin complexes: (a) d 4 high-spin arrangement (weak 
ligand field); (b) d 4 low-spin arrangement (strong ligand field). 


Table 7.11 CFSE and pairing energy for some complexes 


Complex 

Configuration 

A„ 

(cm' 1 ) 

p 

(cm* 1 ) 

Predicted 

Found 


d 6 

10400 

17600 

high spin 

high spin 

[Fe"(CN) 6 f " 

d 6 

32850 

17600 

low spin 

low spin 

K'N 1 ' .♦ 

d 1 

13000 

21000 

high spin 

high spin 

[Co ln (NHj) 6 ] 3 

d 1 

23000 

21000 

low spin 

low spin 


electron to the upper e % level (that is the crystal field splitting A*,) is greater 
than the energy to pair electrons (that is P) in the lower t u level. For a 
given metal ion P is constant. Thus the amount of crystal field splitting is 
determined by the strength of the ligand field. A weak field ligand such as 
Cl will only cause a small splitting of energy levels A Q . Thus it will be 
more favourable energetically for electrons to occupy the upper e g level 
and have a high-spin complex, rather than to pair electrons. In a similar 
way, strong field ligands such as CN~ cause a large splitting A*,. In this case 
it requires less energy to pair the electrons and form a low-spin complex. 

Simijar arguments apply to high- and low-spin complexes of metal ions 
with d , d and d 7 configurations. These are summarized in Table 7.12. 


EFFECTS OF CRYSTAL FIELD SPLITTING 

In octahedral complexes, the filling of/ 2g orbitals decreases the energy of a 
complex, that is makes it more stable by —0.4AQ per electron. Filling ^ 


1 
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Table 7.12 CFSE and electronic arrant 

-- ^ arran 8^ents in octahedral complexes 

Arraneemen," 

electrons 


in strong ligand field 


d 3 


d* 


d 1 


riu 


e % CFSE Spin only /, , rccc c • . 

A o magnetic 8 * CFSE S P ,non| y 


moment 

m(D) 


A 0 magnetic 
moment 
MD) 



T T 

m 


\L 

DD 

r 

n 


UJ 

ED 

E 

□ 


“ 0.8 


- 1.2 

- 1.2 
+0.6 
= - 0.6 

. - 1.2 

OOD ED+1.2 

= - 0.0 

itiir it inn +11 

= -0.4 

mm od 

= - 0.8 
-2.4 


UlUIUIIt ITJ +1.2 

= - 1.2 

-2.4 


Ti Ti Ti Ti t +1.8 

= - 0.6 

-2.4 


ti Ti Ti Ti Ti +2.4 

= 0.0 


1.73 


2.83 


3.87 


2.83 


1.73 


0.00 


T 

-0.4 

1.73 

T T 

-0.8 

2.83 

t 11 

-1.2 

3.87 

EEDm 

-1.6 

2.83 

mnuim 

-2.0 

1.73 

EPTnim 

-2.4 0.00 

-2.4 

(tHwitium 

+0.6 1.73 

= -1.8 

-2.4 

[tiTulDED 

+ 1.2 2.83 

= -1.2 

-2.4 

Ti Ti Ti Ti T 

+ 1.8 1.73 

= -0.6 

-2.4 

U ti tl 11 u 

+2.4 

A A 

0.00 
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rbitals increases the energy by +0.6A o per electron. The total crystal field 
abilization energy is given by 

CFSE| octahedral) = + 

ho . „„ >he number of electrons occupying the t 2g and e t 

he e n ( ,. () and n, ,, are f “ s zero for ion s with d" and d'" con- 
rbitals respectively. The CRb fie , ds The CFSE is also zer0 

gurations in both strong aU the other arrangements have some 

>r d 5 configurations in a weak field. Ail me omei s 
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Table 7.13 Measured and calculated lattice energies 


Compound 

Structure 

Measured 

lattice 

energy 

(kJmor 1 ) 

Calculated 
lattice 
energy 
(kJ mol -1 ) 

Difference 
(measured - 
calculated) 

(kJ mol' 1 ) 

NaCI 

Sodium chloride 

-764 

-764 

0 

AgCl 

Sodium chloride 

-916 

-784 

-132 

AgBr 

Sodium chloride 

-908 

-759 

-149 

MgF 2 

Rutile 

-2908 

-2915 

+7 

MnF 2 

Rutile 

-2770 

-2746 

-24 

FeF 2 

Rutile 

-2912 

-2752 

-160 

NiF 2 

Rutile 

-3046 

-2917 

-129 

CuF 2 

Rutile 

-3042 

-2885 

-157 


CFSE, which increases the thermodynamic stability of the complexes. 
Thus many transition metal compounds have a higher measured lattice 
energy (obtained by calculations using the terms in the Born-Haber cycle) 
than is calculated using the Born-Land^. Born-Meyer or Kapustinskii 
equations. In contrast, the measured (Born-Haber) and calculated values 
for compounds of the main groups (which have no CFSE) are in close 
agreement (Table 7.13). There is also close agreement in MnF 2 which has a 
d configuration and a weak field ligand: hence there is no CFSE. 

A plot of the lattice energies of the halides of the first row transition 
elements in the divalent state is given in Figure 7.13. In the solid, the 
coordination number of these metals is 6 , and so the structures are 
analogous to octahedral complexes. The graphs for each halide show a 
minimum at Mn , which has a d s configuration. In a weak field this has a 
nigh-spin arrangement with zero CFSE. The configurations d° and d w also 
have zero CFSE. The broken line through Ca 2 ", Mn 2 " and Zn 2 " repre- 

!® nt f f fi r 0 J tab uM ati0n * The heights of other Points above this line are the 
crystal field stabilization energies. 

,™ e Motion energies of the M 2+ ions of the first row transition 
elements are plotted in Figure 7.14a. 


M ?«i + excess H 2 Q [M(H 2 0) 6 ] 2+ 


have'zero C CFSF* n A * 7 * Z " 2+ haVC ^ and d '° configurations, and 
finint. n, a n almost straight line can be drawn through these 

CFSF Vaf ' S i. nCe °, t ^ e °** ler points above this line corresponds to the 

callv a .* U *i* ° ,a ‘" ed , *'' s w , a ^ a 8 ree w ''h those obtained spectroscopi 

? J " 8raph ° f ,he , M ions is shown in Figure 7.14b: here the 

d .d and d' u species are Sc 3 \ Fe J+ and Ga 3+ 

from radi i/°: ions mi 8 ht ** expected to decrease smoothly 

shielrtino hu w ? ccause °f the increasing nuclear charge, and the poor 
shielding by d electrons. A plot of these radii is given in Figure 7.15. The 
change, in size is not regular. 

A smooth (broken) line is drawn through Ca 2+ , Mn 2+ and Zn 2+ . These 
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^*“7 ^'.- 3 CFSE of d 'halides of the firsl transition series. (After T.C. Waddine- 

7 t en£rg,eS an , d t. ,h J eir s 'S nlficance in inorganic chemistry. Advances Fn 
Inorganic Chemistry and Radiochemistry, I. Academic Press, New York. 1959 ) 
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(a) M 2 * (b) 

Figure 7.14 Enthalpies of hydration for M 2 * and M 1+ . in kJmor 1 . 
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Figure 7.15 Octahedral ionic radii of M 2+ for first row transition elements. 


have d l \, d 5 and d w configurations as the d orbitals are empty, half full or 
full. These arrangements constitute an almost spherical field round the 
nucleus. In Ti 2+ the d electrons occupy orbitals away from the ligands, 
providing little or no shielding of the nuclear charge. Thus the ligands are 
drawn closer to the nucleus. The increased nuclear charge has an even 
greater effect in the case of V 2+ . At Cr 2+ the level contains one electron. 
This is concentrated jn the direction of the ligands, thus providing very 
good shielding. Thus the ligands can no longer approach so closely and the 
ionic radius increases. This increase in size is continued with the filling of 
the second e p orbital at Mn 2 *. The screening by the orbitals is so good 
that the radius of Mn : * is slightly smaller than it would be if it were in a 
truly spherical field. The same sequence of size changes is repeated in the 
second half of the series. 

TETRAGONAL DISTORTION OF OCTAHEDRAL COMPLEXES 
(JAHN-TELLER DISTORTION) 

The shape of transition metal complexes is determined by the tendency of 
electron pairs to occupy positions as far away from each other as possible. 
This is the same as for the main group compounds and complexes. In 
addition, the shapes of transition metal complexes are affected by whether 

the d orbitals are symmetrically or asymmetrically filled. 

• * m • • ■ 

Repulsion by six ligands in an octahedral complex splits the d orbitals 
on the central metal into t 2f , and e^ levels. It follows that there is a 
corresponding repulsion between the d electrons and the ligands. It the d 
electrons are symmetrically arranged, they will repel all six ligands equally. 
Thus the structure will be a completely regular octahedron. The symmetri¬ 
cal arrangements of d electrons are shbwn in Table 7.14. 

All other arrangements have an asymmetrical arrangement of d elec¬ 
trons. If the d electrons are asymmetrically arranged, they will repfl 
some ligands in the complex more than others. Thus the structure is 
distorted because some ligands are prevertted from approaching the metal 


- GONAL DI ST0RT10N OF OCTAHEDRAL COMPLEXES 


T«bk 7.14 Symmetrical electrons arrangements 



Electronic 

configuration 


Nature of 
ligand field 


Examples 


<t' I 

d i 

□ 

□ 

□ 

n 

n 

□ 

□ 

□ 

■—'——i 

rn 

d> j 



LL 

Ll_ 

T 

m 

in 



*■ i j 

d* 

LIL 

Lil 

3 



n 




d* 

u 

III! 

u 


T 

T 




d'" 

lil 

Lil 

Ql 


nj 

3 


Strong or weak 

Ti lv 0 2 , [Ti lv F 6 ] 2 - 
|Ti lv cy ; - 

Strong or weak 

(Cr ,M (oxalate),] 3 - 

[Cr l,, (H 2 OV| 3+ 

Weak 

[Mn"F,] 4 - 

[Fe ,,, F k | 3 - 

Strong 

|Fe"(CN),] 4 - 

[Co nl (NH,)(,| 3 * 

Weak 

|Ni"F 6 ] 4 - 

[Ni 1, (H 2 0) (1 | 2 * 

Strong or weak 

(Zn"(NH,),| 2< 

[Zn"(H 2 0),| 2< 


as closely as others. The e g orbitals point directly at the ligands. Thus 
asymmetric filling of the orbitals results in some ligands being repelled 
more than others. This causes a significant distortion of the octahedral 
shape. In contrast the f 2p orbitals do not point directly at the ligands, but 
point in between the ligand directions. Thus asymmetric filling of the t 2p 
orbitals has only a very small effect on the stereochemistry. Distortion 
caused by asymmetric filling of the r 2p orbitals is usually too small to 
measure. The electronic arrangements which will produce a large distor¬ 
tion are shown in Table 7.15. 

The two orbitals d,:_ v : and d : : are normally degenerate. However, if 
they are asymmetrically filled then this degeneracy is destroyed, and the 
two orbitals are no longer equal in energy. If the d : : orbital contains one 


Table 7.15 Asymmetrical electronic arrangements 

he 


Electronic 

configuration 


>' p 

» * p 


Nature of 
ligand field 


Examples 


d 4 


d 7 


dt' 


T~ 

T 

7~ 


1 

□ 





ti 

TT 

Ti 



J 





u 

TT 

IT 

L III 

3 


Weak field 
(high-spin complex) 

Strong field 
(low-spin complex) 

Either strong 
or weak 


Cr( + II). Mn( + III) 


Co( + 11). Ni( + lll) 


C'u( +11) 
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more-electron than the d x i- y i orbital then the ligands approaching along 
+ z and -z will encounter greater repulsion than the other four ligands. 
The repulsion and distortion result in elongation of the octahedron along 
the z axis. This is called tetragonal distortion. Strictly it should be called 
tetragonal elongation. This form of distortion is commonly observed. 

If the d x i - y 2 orbital contains the extra electron, then elongation will 
occur along the x and y axes. This means that the ligands approach more 
closely along the z axis. Thus there will be four long bonds and two short 
bonds. This is equivalent to compressing the octahedron along the z axis, 
and is called tetragonal compression. Tetragonal elongation is much more 
common than tetragonal compression, and it is not possible to predict 
which will occur. 

For example, the crystal structure of CrF 2 is a distorted rutile (Ti0 2 ) 
structure. Cr 2 * is octahedrally surrounded by six F , and there are four 
Cr—F bonds of length 1.98-2.01 A, and two longer bonds of length 
2.43 A. The octahedron is said to be tetragonally distorted. The electronic 
arrangement in Cr 2 * is d 4 . F~ is a weak field ligand, and so the / 2g level 
contains three electrons and the e g level contains one electron. The d x :_ y i 
orbital has four lobes whilst the d z i orbital has only two lobes pointing at 
the ligands. To minimize repulsion with the ligands, the single e g electron 
will occupy the d : 2 orbital. This is equivalent to splitting the degeneracy of 
the e g level so that d,z is of lower energy, i.e. more stable, and d x :- y : is of 
higher energy, i.e. less stable. Thus the two ligands approaching along the 
+z and —z directions are subjected to greater repulsion than the four 
ligands along +x, — x, 4 y and —y. This causes tetragonal distortion with 
four short bonds and two long bonds. In the same way MnF 3 contains 
Mn 1 * with a d 4 configuration, and forms a tetragonally distorted octa¬ 
hedral structure. 

Many Cu( + II) salts and complexes also show tetragonally distorted 
octahedral structures. Cu 2 * has a configuration: 


*2 g e g 



To minimize repulsion with the ligands, two electrons occupy the d z . 
orbital and one electron occupies the d x i - v : orbital. Thus the two ligands 
along -z and -z are repelled more strongly than are the other four ligands 
(see Chapter 27, under +11 state for copper). 

The examples above show that whenever the d z z and d x :- y : orbitals are 
unequally occupied, distortion occurs. This is known as Jahn-Teller dis 
tortion. The Jahn-Teller theorem states that ‘Any non-linear molecu ar 
system in a degenerate electronic state will be unstable, and will undergo 
some sort of distortion to lower its symmetry and remove the degeneracy. 
More simply, molecules or complexes (of any shape except linear), w 
have an unequally filled set of orbitals (either / 2g or e g ), will be distorte 
octahedral complexes distortions from the / 2g level are too small to 




SQUARE PLANAR ARRANGEMENTS 



detected. However, distortions res».ltm„ f 

orbitals are very important. 8 from uneven filling of the e g 


Energy 



Figure 7.16 d % arrangement in weak octahedral field. 



Figure 7.17 d* arrangement in very strong octahedral field. Te ' ra ^° , ]* l s d t JfIher < in 

splits (a) the e, level; and (b) also splits the:*''*' • ignored.) 
energy than the d x: or d yc . (For simplicity this is s 




SQUARE PLANAR ARRANGEMENTS 

If the central metal ion in a c ° mpl ® X j’ aS ,^ s ^M^cJupythe^eglrbitals. 
will occupy the l 2t orbitals and * , ex with wea k field ligands. The 
The arrangement is the same a P ? 16 The orbi , a | s ar e symmetri- 

electrons are arranged as shown in F g , . f med f or example by 

cally filled, and a regular octahedral complex is tormeo. 

|Ni"(H 2 0) 6 ] 2+ and [Ni"(NH,)*l • 
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Figure 7.18 rf* arrangement, 
strong field. (The d : : orbital is 
full, the dj-yi empty.) 


The single electron in the orbltalrepeed by our '8*>ds, 
whilst the electron in the orbital is only being repelled1 by wo l,g ands 
Thus the energy of the d .increases relative to that of d,,. If the ligand 
field is sufficiently strong, the difference in energy be ween these two 
orbitals becomes larger than the energy needed to pair the electrons. 
Under these conditions, a more stable arrangement anses when both the e, 
electrons pair up and occupy the lower energy d* orbital. This leaves the 
d„r „ orbital empty (Figure 7.17). Thus four ligands can now approach 
along the +x, —x. +y and -y directions without any difficulty, as the 
d i- z orbital is empty. However, ligands approaching along the +2 and 
l z directions meet very strong repulsive forces from the filled d z i orbital 
y (Figure 7.18). Thus only four ligands succeed in bonding to the metal. A 
Ljuare planar complex is formed, the attempt to form an octahedral com- 
plex being unsuccessful. 

The amount of tetragonal distortion that occurs depends on the par¬ 
ticular metal ion and ligands. Sometimes the tetragonal distortion may 
become so large that the d z i orbital is lower in energy than the d xy orbital as 
shown in Figure 7.19. In square planar complexes of Co , Ni and Cu the 
d z2 orbital has nearly the same energy as the d xz and d yz orbitals. In 
[PtCU] 2- the d z z orbital is lower in energy than the d xz and d yz orbitals. 

Square planar complexes are formed by d g ions with strong field ligands, 
for example [Ni n (CN) 4 ] 2 '. The crystal field splitting Ao is larger for second 
and third row transition elements, and for more highly charged species. All 
the complexes of Pt(+II) and Au(-f III) are square planar - including those 
with weak field ligands such as halide ions. 




Figure 7.19 Tetragonal distortion. 
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fl* 7.16 Ions .hat fonn square p| an ar complexes 

Ions 


Electronic 

configuration 


d A 

<P 

d 1 

d* 


<t* 


Cr(+H) 

Fe(-hll) 

Co( + U) 

JJM* Rh ( +I >, Ir(+I) 

rat in’ Pt ^ +n )’ Au(+III) 
Cu ( + II), Ag(+H) 


Type of 
field 


Weak 

(Haem) 

Strong 

Strong 

Strong and weak 
Strong and weak 


Number of 
unpaired 
ejectrons 

4 
2 
1 
0 
0 
1 
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Square planar structures can also arke ^ . 
field. In this case the orbital only contains one electron. 3 ' i83nd 

TETRAHEDRAL COMPLEXES 
A regular tetrahedron is related to a r.,h» r> 

cube, and four of the eieht corners of of °T e atom ls at the cen,re of the 
shown-in Figure 7.20. cu ^ e are occupied by ligands as 

Th?^ orbTtaklin"Jo"n d h° of ,he faccs * the cube. 

The orbitals ^int between x vand wth 'r ■ ° thC “i n,r “ ° f * hc faces) ' 
edges of the cube) (Figure 7.21 y d h * towards the centres of *he 

The direction of approach of the ligands does not coincide exactly with 






Figure 7.20 Relation of a 
tetrahedron to a cube. 



7.21 Orientation of 




'xz 


d orbitals relative to a cube. 
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Energy 



Free metal ion Metal ion 

(five degenerate in tetrahedral 

d orbitals) field 


Figure 7.22 Crystal field splitting of energy levels in a tetrahedral field. 


either the e g or the t 2g orbitals. The angle between an e g orbital, the central 
metal and the ligand is half the tetrahedral angle = 109°2872 = 54°44\ The 
angle between a t 2g orbital, the central metal and the ligand is 35° 16'. Thus 
the i 2g orbitals are nearer to the direction of the ligands than the e g orbitals. 
(Alternatively the i 2g orbitals are half the side of the cube away from the 
approach of the ligands, whilst the e g orbitals are half the diagonal of the 
cube away.) The approach of the Ligands raises the energy of both sets of 
orbitals. The energy of the t 2g orbitals is raised most because they are 
closest to the ligands. This crystal field splitting is the opposite way round 
to that in octahedral complexes (Figure 7.22). 

The t 2g orbitals are 0.4A, above the weighted average energy of the two 
groups (the Bari centre) and the e g orbitals are 0.6A t below the average 
(Figure 7.23). 

The magnitude of the crystal field splitting A, in tetrahedral complexes is 
considerably less than in octahedral fields. There are two reasons for this: 

1. There are only four ligands instead of six. so the ligand field is only two 
thirds the size: hence the ligand field splitting is also two thirds the size, 
f 2. The direction of the orbitals does not coincide with the direction of the 

ligands. This reduces the crystal field splitting by roughly a further two 
thirds. 

Thus the tetrahedral crystal field splitting A, is roughly 2/3 x 2/3 = 4/9 of 
the octahedral crystal field splitting A 0 . Strong field ligands cause a bigger 
energy difference between t 2g and e g than weak field ligands. However, the 
tetrahedral splitting A, is always much smaller than the octahedral splitting 
A*,. Thus it is never energetically favourable to pair electrons, and al 
tetrahedral complexes are high-spin. 
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Average energy Metal ion 

of metal ion in tetrahedral 

in spherical field 

field 

Figure 7.23 Energy levels for d orbitals in a tetrahedral field. 

The CFSE in both octahedral and tetrahedral environments is given in 
Table 7.17. This shows that for d° y d s and d 10 arrangements the CFSE is 
zero in both octahedral and tetrahedral complexes. For all other electronic 
arrangements there is some CFSE, and the octahedral CFSE is greater 
than the tetrahedral CFSE. It follows that octahedral complexes are 
generally more stable and more common than tetrahedral complexes. This 
is partly because there are six bond energy terms rather than four, and 
partly because there is a larger CFSE term. Despite this some tetrahedral 
complexes are formed, and are stable. Tetrahedral complexes are favoured: 

1. Where the ligands are large and bulky and could cause crowding in an 
octahedral complex. 

2. Where attainment of a regular shape is important. For tetrahedral 
structures d °, d 2 , d 5 , d 7 and d x0 configurations are regular. Some tetra¬ 
hedral complexes which are regular are: Ti IV CI 4 (eg, /§»), [Mn v,, 0 4 ] _ 

(£ [Fe v, 0 4 ] 2 - (el 1 %), [Fe M, CI 4 r d g ), [Co ,f Cl 4 r (ej, t\ t ) 

and [Zn"CI 4 ] 2 - (e*„ /£). 

3. When the ligands arc weak field, and the loss in CFSE is thus less 
important. 

4- Where the central metal has a low oxidation state. This reduces the 
magnitude of A. 

5 - Where the electronic configuration of the central metal is d° y d s or d 10 
as there is no CFSE. 

6 Where the loss of CFSE is small, e.g. d x and d b where the loss in CFSE 
is 0.13A o or d 2 and d 7 where the loss is 0.27A o . 

Ma ny transition metal chlorides, bromides and iodides form tetrahedral 

structures. 
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Resonance in acetylacetone chelate Porphyrin complex 


Figure 7.26 Some chelate complexes. 


bonding, EDTA can form complexes with most metal ions. Even com¬ 
plexes with large ions such asCa 2 * are relatively stable. (The Ca 2+ -EDTA 
complex is only formed completely at pH 8. not at lower pH.) 

Chelate compounds are even more stable when they contain a svstem of 
alternate double and single bonds. This is better represented as a svstem 
m whtch electron density is delocalized and spread over the ring. Examples 

7 26) S ' nC Ude acet y |ace,one and porphyrin complexes with metals (Figure 

Several chelate compounds are of biological importance. Haemoglobin 
in the red blood cells contains an iron-porphyrin complex. Chlorophyll in 
green plants contains a magnesium-porphyrin complex. Vitamin B r is a 
cobalt complex and the cytochrome oxidase enzymes contain iron and 
copper. The body contains several materials which will form chelate 
compounds with metals, for example adrenaline, citric acid and cortisone. 
Metal poisoning by lead, copper, iron, chromium and nickel results in 
these materials forming unwanted complexes, thus preventing normal 
metabolism. For this reason dermatitis from chromium or nickel salts is 
treate with EDTA cream. Lead and copper poisoning are treated b) 
drinking an aqueous solution of EDTA. This compl exes with the unwanted 
ead or copper ions. Unfortunately it also complexes with other metal ions 
which are needed, particularly Ca 3+ . The mctal-EDTA complexes are 
excreted in the urine. (The problem of excreting Ca : * may he parti) 
overcome by using the Ca-EDTA complex rather than EDTA itself) 
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magnetism 


If 3 >ve^ssumcMht th" ** measured usin 8 a Gou V balance (see Chapter 

i rtmn cnins thpn »h ^ ma 8 nel 'c moment arises entirely from unpaired 

e 6 mh^ nf C . S ^ m ° n ^ ^ ormu la can be used to estimate n, 

TeTATr e , Ctr0nS This **« reasonable agreement for 
complexes of the first row of transition metals. 


Ms = Vn{n + 2) 

Once the number of unpaired electrons is known, either the valence bond 
or the crystal field theory can be used to work out the shape of the 
complex, the oxidation state of the metal, and, for octahedral complexes, 
whether inner or outer d orbitals are used. For example, Co( + III) forms 
many complcxe^s, all of which are octahedral. Most of them are diamagne* 
tic, but [CoF 6 ] is paramagnetic with an observed magnetic moment of 
5.3 BM. Crystal field theory explains this (Figure 7.27). 

Co( + II) forms both tetrahedral and square planar four-coordinate com¬ 
plexes. These can be distinguished by magnetic measurements (Figure 
7.28). 

However, orbital angular momentum also contributes to a greater or 
lesser degree to the magnetic moment. For the second and third row 
transition elements not only is this contribution significant, but spin orbit 
coupling may occur. Because of this, the ‘spin only' approximation is no 
longer valid, and there is extensive temperature-dependent paramagne¬ 
tism. Thus the simple interpretation of magnetic moments in terms of the 
number of unpaired electrons cannot be extended from the first row of 


Co 3 * octahedral complex with strong field ligands 


Energy 


alternatively 


*2g 


U 


Ti 


U 


Strong field ligands, e g ICo(NH 3 ) 6 | 3 
no unpaired electrons 
hence diamagnetic 


Co 3 * octahedral complex with weak field ligands 


Energy 


T 

T 




Ti 

T 

□ 


We?A field ligands, e g (CoF 6 ) 3 
four unpaged electrons 
hence paramagnelic 


~n(n 4- 57 — l 4(4 + 2) — 4 90 BM 
assuming us - I n ^ n * * ' 

7.27 Co w in high-'pin and low-spin complexes. 
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Co 2 " in a tetrahedral field 
Energy 



3 unpaired electrons, p = ^3(3 + 2) = = 3.87 BM 


Co 2 " in square planar complex 



Figure 7.28 Co 2 " in tetrahedral and square planar complexes. 


transition elements to the second and third rows. The temperature de¬ 
pendence is explained by the spin orbit coupling. This removes the 
degeneracy from the lowest energy level in the ground state. Thermal 
energy then allows a variety of levels to be populated. 

EXTENSION OF THE CRYSTAL FIELD THEORY TO ALLOW 
FOR SOME COVALENCY 

The crystal field theory is based on purely electrostatic attraction. At first 
sight this seems to be a most improbable assumption. Nevertheless, the 
theory is remarkably successful in explaining the shapes of complexes, 
their spectra and their magnetic properties. Calculations can be carried out 
quite simply. The disadvantage of the theory is that it ignores evidence 

that some covalent bonding does occur in at least some transition metal 
complexes: 

1. Compounds in the zero oxidation state such as nickel carbonyl 
[Ni (CO) 4 | have no electrostatic attraction between the metal and the 
ligands. Thus the bonding must be covalent. 

2. The order of ligands in the spectrochemical series cannot be explained 
solely on electrostatic grounds. 

3. There is some evidence from nuclear magnetic resonance and electron 
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spin resonance that there is some unpaired electron density on the 
ligands. This suggests the sharing of electrons, and hence some 
covalency. 


The Racah interelectron repulsion parameter B is introduced into the 
interpretation of spectra. This makes some allowance for covalency arising 
from the delocalization of d electrons from the metal onto the ligand. If B 
is reduced below the value for a free metal ion, the d electrons are 
delocalized onto the ligand. The more B is reduced the greater the delo¬ 
calization and the greater the amount of covalency. In a similar way an 
electron delocalization factor k can be used in interpreting magnetic 
measurements. 


MOLECULAR ORBITAL THEORY 

The molecular orbital theory incorporates covalent bonding. Consider a 
first row transition element- forming an octahedral complex, for example 











[Co ,,, (NH;Oft]* 1+ . The atomic orbitals on Co 1 * which are used to make 
molecular orbitals are 3 3d Z 2 , 4$, 4/7^, 4 p y and 4 p z . A 2 p atomic 
orbital from each NH* containing a lone pair is also used to make 
molecular orbitals. Thus there are 12 atomic orbitals, which combine to 
give 12 molecular orbitals (six bonding MOs and six antibonding MOs). 
The 12 electrons from the six ligand lone pairs are placed in the six bonding 
MOs. This accounts for the six bonds. The transition metal Co 1 * has other 
d orbitals, which have so far been ignored. These are the 3 d xyy 3 d xz and 
3 d v: orbitals. These form non-bonding MOs, and in Co 1 * they contain six 
electrons, but contribute nothing to the bonding. The antibonding MOs 
are all empty. The arrangement is shown in Figure 7.29. We would predict 
that the complex should be diamagnetic as all the electrons are paired. The 
complex should be coloured since promotion of electrons from the non¬ 
bonding MOs to the antibonding e * MOs is feasible. The energy jump A 0 
is 23000cm -1 . The six non-bonding d electrons are paired in this complex 
because A (l is larger than the pairing energy of 19000 cm -1 . 

A similar MO diagram can be drawn for the complex [Co m F<J 3 “. 
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However, the energies of the 2 p orbital, ™ p- 
energy of the corresponding orbital „„ w are much lower ‘han the 
the MO energy levels (Figure 7 tm c NH ’' a,ters ,he s P ac ' n g of 
that Ao is 13000 cm" 1 . Thus the pan k ^ >ectrosco P^ c measurements show 
the antibonding e! MOs is less thin *k CC ™ the non ‘ bondin g MOs and 
Thus the non-bonding d electrons dn n ! pamng ener 8y of 19000cm" 1 . 
complex because there is a net g a "ntn ene ? “ in the 
Thus ICoF 6 ] 3 - has four unpaired electrons ^ Unpaired ' 

whilst [Co(NH,) 6 ] 3 - has no unpaired electron,", a* ^^P 1 "' com P>ex, 
Thus the MO theory explains the ma I °? d ' S 3 ! ow ' sp,n complex. 

com P ,Mes 'O” 11 ’ “ «■< a»MI fcS teSISh toSk o,‘ 

rKbTprai*-*-> * - «£* 

MO theory is based on wave mechanics and so has the disadvantage 
that enthalpies of format,on and bond energies cannot be calculated 
directly. So ar we have considered a bonding between ligands and the 
central metal. The MO theory h:;s the great advantage that it is easily 
extended to cover it bonding Pi bonding helps to explain how metals in 
low oxidation states (e.g. [Ni°(CO) 4 ]) can form complexes. It is impossible 
to explain any attractive force in such a complex using the crystal field 
theory because of the lack of charge on the metal. Fi bonding also helps to 
explain the position of some ligands in the spectrochemical series. There 
are two cases: 

1. Where the ligands act as n acceptors, by accepting electrons from the 
central metal. Examples include CO, CN", NO* and phosphines. 

2. Where the ligands act as n donors and transfer charge from ligand to 
metal in n interactions as well as a interactions. Pi bonding of this kind 
commonly occurs in oxoions of metals in high oxidation states, e.g. 

[Mn v,, 0 4 r and [Cr v, 0 4 ] 2 ". 


7t acceptors 

Ligands such as CO, CN - and NO* have empty 7t orbitals with the correct 
symmetry to overlap with the metal t 2g orbitals, forming n bonds. This is 
often described as back bonding. Normally the ji orbitals on the ligands are 
of higher energy than the metal t 2g orbitals. No more electrons are added 
to the scheme as the ligand 7 t orbitals are empty, but the k interaction 
increases the value of A 0 . This accounts for the position of these ligands 
as 'strong field ligands’ at the right of the spectrochemical series. 


x donors 

The ligand has filled it orbitals which overlap with the metal£ orbitals, 
giving a it bond. Thus electron density is transferred from the g f 

metal. The o bonding also transfers charge to the metal .Vm type of 
complex is favoured when the central metal has a ig 
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and 4 is short of electrons’. The ligand ti orbitals are lower in ene 
the metal t 2g orbitals. Delocalizing n electrons from the ligand^ than 
metal in this way reduces the value of A: It is not always clear if a ^ 
bonding has occurred, but it is most likely with ligands at the left oTh 
spectrochemical series. thc 


NOMENCLATURE OF COORDINATION COMPOUNDS 

The International Union of Pure and Applied Chemistry (IUPAC) pubr 
cation Nomenclature of Inorganic Chemistry (1989), Blackwell Scientific 
Publishers, contains the rules for the systematic naming of coordination 
compounds. The basic rules are summarized here. 

1. The positive ion is named first followed by the negative ion. 

2. When writing the name of a complex, the ligands are quoted in 
alphabetical order, regardless of their charge (followed by the metal) 

3. When writing the formula of complexes, the complex ion should be en- 
closed by square brackets. The metal is named first, then the coordin¬ 
ated groups are listed in the order: negative ligands, neutral ligands, 
positive ligands (and alphabetically according to the first symbol within 
each group). 

(a) The names of negative ligands end in -o, for example: 


F" 

fluoro 

H~ 

hydrido 

HS" 

mercapto 

cr 

chloro 

OH' 

hydroxo 

S 2 " 

thio 

Br“ 

bromo 

O 2 ' 

0X0 

CN“ 

cyano 

r 

iodo 

o V 

peroxo 

no 2 - 

nitro 


(b) Neutral groups have no special endings. Examples include NH 3 
ammine, H 2 0 aqua, CO carbonyl and NO nitrosyl. The ligands N 2 
and 0 2 are called dinitrogen and dioxygen. Organic ligands are 
usually given their common names, for example phenyl, methyl, 
ethylenediamine, pyridine, triphenylphosphine. 

(c) Positive groups end in -ium, e.g. NH 2 —NH 2 hydrazinium. 

4. Where there are several ligands of the same kind, we normally use the 
prefixes di, tri, tetra, penta and hexa to show the number of ligands of 
that type. An exception occurs when the name of the ligand includes a 
number, e.g. dipyridyl or ethylenediamine. To avoid confusion in such 
cases, bis, tris and tetrakis are used instead of di, tri and tetra and the 
name of the ligand is placed in brackets. 

5. The oxidation state of the central metal is shown by a Roman numeral 
in brackets immediately following its name (i.e. no space, e.g 
titanium(III)). 

6. Complex positive ions and neutral molecules have no special ending but 
complex negative ions end in -ate. 

7. If the complex contains two or more metal atoms, it is terme 
polynuclear. The bridging ligands which link the two metal atoms to¬ 
gether are indicated by the prefix p-. If there are two or more bridging 
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groups of the same kind, this is indicated by di-p-, tri-u- etc Bridaine 
groups are listed a phabetically with the other groups un.e s he 
symmetry of the molecule allows a simpler name. If a bridging group 
bridges more than two metal atoms it is shown as p 3 , p, p 5 or l“o 
indicate how many atoms it is bonded to W M ^ ^ 

3 l i, 8 H nd ^ bC aMached ,hrou g h diff ^ent atoms. Thus 
M-MOj is called nitre and M-ONO is called nitrito. Similarly the 

SCN group may bond M—SCN thiocyanato or M—NCS isothiocyanato. 

These may be named systematically thiocyanato-S or thiocyanato-N to 

indicate which atom ,s bonded to the metal. This convention may be 

extended to other cases where the mode of linkage is ambiguous. 

9. If any lattice components such as water or solvent of crystallization are 
present, these follow the name, and are preceded by the number of 
these groups in Arabic numerals. 


These rules are illustrated by the following examples: 


Complex anions 

[Co(NH 3 ) 6 ]a 3 

[CoQ(NHj) 5 ] 2+ 

[CoS0 4 (NH 3 ) 4 ]N0 3 

[Co(N0 2 ),(NH 3 ) 3 ] 

[CoCICNN0 2 (NH,) 3 ] 

(Zn(NCS) 4 ] 2+ 

[Cd(SCN) 4 ) 2+ 

Complex cations 
LijAIH^ 

Na 2 [ZnCI 4 ] 

K 4 [Fe(CN) 6 ] 

K 3 [Fe(CN) s NO] 

K 2 |OsC1,N1 

Na 3 [Ag(S 2 0 3 ) 2 ] 

Kj(Cr(CN) 2 0 2 (0 2 )NH 3 ] 


Hexaamminecoball(III) chloride 

I 

Pentaamminechlorocobalt(III) ion 

Tetraamminesulphatocobalt(III) nitrate 

Triamminetrinitrocobalt(III) 

Triammincchlorocyanonitrocobalt(lll) 

Tetrathiocyanato-N-zinc(II) 

Tetrathiocyanato-S-cadmium(II) 

Lithium tetrahydridoaluminate(III) 

(lithium aluminium hydride) 

Sodium tetrachlorozincate(II) 

Potassium hexacyanoferrate(II) 
Potassium pentacyanonitrosylferrate(II) 
Potassium pentachloronitridoosmate(VI) 
Sodium bis(thiosulphato)argentate(I) 
Potassium amminedicyanodioxoperoxo 
chromatc(VI) 


Organic groups 

NpyhllPtO,) 

[Cr(en) 3 )CI 3 

ICuCI 2 (CH 3 NH 2 ) 2 ] 

Fe (C 5 H 5 ) 2 

l Cr <C„H,) 2 ) 


Tetrapyridineplatinum(II) • 
tetrachloroplatinate(Il) 

d or / Tris(ethylenediamine)chromium(III) 
chloride 

Dichlorobis(methylamineKopper(II) 

Bis(cyclopentadienyl)iron(Il) 

Bis(benzene)chromium(0) 
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Bridging groups 
((NH,jsCoNH 2 - 

C6(NH,),](NO.,) 5 

[(CO),Fe(CO),Fe(CO),I 

[Be 4 0(CH,C00) 6 | 


Hydrates 

AIK(S0 4 ) 2 - I2H 2 0 


p-amidobis[pentaamminecobalt(IH)] nitrate 


Tri-p-carbonyl-bis(tricarbonyliron( 0 )) 

(di iron enneacarbonyl) 

Hexa-p-acetato(0,0')-p 4 -oxo- 

tetraberyllium(II) 

(basic beryllium acetate) 


Aluminium potassium sulphate 12-water 


ISOMERISM 

Compounds that have the same chemical formula but different structural 
arrangements are called isomers. Because of the complicated formulae of 
many coordination compounds, the variety of bond types and the number 
of shapes possible, many different types of isomerism occur. Werner s 
classification into polymerization, ionization, hydrate linkage, coordina¬ 
tion, coordination position, and geometric and optical isomerism is still 
generally accepted. 


Polymerization isomerism 

This is not true isomerism because it occurs between compounds hav¬ 
ing the same empirical formula, but different molecular weights. Thus 

f*< NH 'W[P ,c U], [Pt(NH 3 ) 4 )[Pt(NH 3 )Cl 3 ] 2 and 
l '* >IM .v.i'-'Ij 2 [PtCI 4 J all have the same empirical formula. Polymerization 
isomerism may be due to a different number of nuclei in the complex, as 
shown in Figure 7.31. 


OH\ 

3- 

' A' oh ' 

- 

(NH^.Co^-OH —Co(NH 3 U 

\ ✓ 

OH 

and 

CoJ CoINHjI. 

W | 

3 


Figure 7.31 Polymerization isomers. 


Ionization isomerism 

This type of isomerism is due to the exchange of groups between the 
complex ion and the ions outside it. [Co(NH,),Br]S0 4 is red-violet. An 
aqueous solution gives a white precipitate of BaS0 4 with BaCb s°lu- 

tr n /xiu> S c^ >, I firming ,hc P rcsence of free SO}’ ions. In contrast 
. . ^ ^JBr is red. A solution of this complex does not gi ye a 

positive sulphate test with BaCI 2 . It does give a cream-coloured precipi {a * e 
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of AgBr with AgNO,, thus confirming the presence of free Br~ ions Note 

that the sulphate ,on occup.es only one coordination position even h2 
it has two negative charges Oth«r r • . . n lI,ou 8 n 

fPt/NH ^ Cl lRr rpt/Mu \ examples of ionization isomerism are 

^SncrNH l ? NH^BrjCI,. and [Co(en) 2 N0 2 Cl]SCN, 
Co(en) 2 N0 2 • SCNJC1 and [Co(en) 2 CI • SCN]N0 2 . 


Hydrate isomerism 

Three isomers of CrCI, 6H 2 0 are known. From conductivity measure¬ 
ments and quantitative precipitation of the ionized chlorine, they have 
been given the following formulae: 

[Cr(H 2 0 )ft]Cl 3 violet (three ionic chlorines) 

[Cr(H 2 0) 5 Cl]Cl 2 • H 2 0 green (two ionic chlorines) 

[Cr(H 2 0) 4 Cl 2 ] • Cl • 2H 2 0 dark green (one ionic chlorine) 

Linkage isomerism 

Certain ligands contain more than one atom which could donate an elec¬ 
tron pair. In the.N0 2 ion, either N or O atoms couid act as the electron 
pair donor. Thus there is the possibility of isomerism. Two different 
complexes [Co(NH 3 ) 5 N0 2 ]C1 2 have been prepared, each containing the 
N0 2 “ group in the complex ion. One is red and is easily decomposed by acids 
to give nitrous acid. It contains Co—ONO and is a nitrito complex. The 
other complex is yellow and is stable to acids. It contains the Co—N0 2 
group and is a nitro compound. The two materials are represented in Figure 
7.32. This type of isomerism also occurs with other ligands such as SCN . 


NH, 

H> N N J^ONO 

Co 

H,N ' | NH, 
NH, 


2 + 


and 


red 


NH, 

H » N ^ l ✓ N0 ’ 

Co 

H,N "* | ^ NH, 
NH, 

yellow 


2+ 


nitritopentamm 

ion 


inecobaltflU) nitropenumminecob»lt(III) 

ion 


Figure 7.32 Nitrito and nitro complexes. 

Coordination isomerism . Ampricm mav 

. « are complex ions, isomerism may 

When both the positive and nega iv hetween the anion and cation, for 
be caused by the interchange of '‘g 30 H ) i[Co(CN) 6 ]. Intermediate 

«-* iwnhaiwwj 

types between these extremes a 
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NH, 

(NH,).o/ '\lo(NH,),CI, 

o,< 



Cl NH, 



Cl NH, 
cis 


Cl NH, 



NH, Cl 
irons 

figure 7.34 Cis and irons 
isomers. * 


NH, n 

CI(NH,),Co' ^Co(NH,),CI 

^O, 



Figure 7.33 Coordination position isomers. 


Coordination position isomerism 

In polynuclear complexes an interchange of ligands between the different 
metal nuclei gives rise to positional isomerism. An example is given in 
Figure 7.33. 

Geometric isomerism or stereoisomerism 

In disubstituted complexes, the substituted groups may be adjacent or 
opposite to each other. This gives rise to geometric isomerism. Thus square 
planar complexes such as [Pt(NH 3 ) 2 Cl 2 ] can be prepared in two forms, cis 
and irons. If the complex is prepared by adding NH 4 OH to a solution of 
[PtCU] 2 ’ ions, the complex has a finite dipole moment and must therefore 
be cis . The complex prepared by treating [Pt(NH 3 ) 4 ] 2+ with HC1 has no 
dipole, and must therefore be irons. The two complexes are shown in 
Figure 7.34. The same sort of isomerism can also occur in square planar 
chelate complexes if the chelating group is not symmetrical. An example of 
cis-irons isomerism is found in the complex between glycine and platinum 
(Figure 7.35). 

In a similar way disubstituted octahedral complexes such as 
[Co(NH 3 ) 4 CI 2 r exists in cis and irons forms (Figure 7.36). (This method of 
drawing an octahedral complex might suggest that the positions in the 
square are different from the up and down positions. This is not the case as 
all six positions are equivalent.) 


CH,—NH, NH,-CH, 

\i ✓ 

Pt 

co-o x o-CO 


and 


£H,—NH, O-CO 

\ / 

z\ 

CO-O NH,— CH, 


Figure 7.35 Cis and irons glycine complexes. 
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Optical isomerism 

At one time it was thought that optical isomerism was associated only with 
carbon compounds. It exists in inorganic molecules as well. If a molecule is 
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Irons 

(green) 


Figure 7.36 Cis and trans octahedral complexes (geometric isomerism). 
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asymmetric, it cannot be superimposed on its mirror image. The two forms 
have the type of symmetry shown by the left and right hands and are called 
an enantiomorphic pair. The two forms are optical isomers. They are 
called either dextro or laevo (often shortened to d or /). This depends on 
the direction they rotate the plane of polarized light in a polarimeter. (d 
rotates to the right, / to the left.) Optical isomerism is common in octahe¬ 
dral complexes involving bidentate groups. For example, [Co(en) 2 Cl 2 ] + 


Cl mirror Ct 



enantiomorphic pair 
d and / cis dichloro bis 

(ethylenediamine)cobalt(in) ion 

Figure 7.37 Isomers of [Co(en) 2 Cl 2 p. 


Cl 



trans dichloro bis(ethylenediamine) 
cobalt(III) ion 



d and l form* 
Figure 7.39 d % l and meso forms. 



/ N % 

(en),Co^ Cofen), 

NH, 


Figure 738 
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shows cis and irons forms (geometric isomerism). In addition the c is form is 
optically active and exists in d and / forms, making a total of three isomers 
(Figure 7.37). Optical activity occurs also in polynuclear complexes, such 
as that shown in Figure 7.38. This has been resolved into two optically 
active forms (d and /) and an optically inactive form which is internally 
compensated and is called the meso form (Figure 7.39). 
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3. Draw all of the isomers of an m .l . , 

unidentate ligands, two of type A and four oMype B*. h “ S ' X 

4 - which has three 

ype A and three unidentate ligands of type B. 

5. Draw all of the isomers of an i 

identical bidentate ligands. h dra com P lex wh,ch has ,hr ee 

6. Draw all of the isomers of both . 

plexes which have two unidentate licands «f 30 re planar com ‘ 
ligands of type B. ,ae "* a,e '^"ds of type A and two unidentate 

1. Draw each of 'he possible stereoisomers of the octahedral complexes 

ca« d |etters^ a h b r d d b ^ ajbcde and (c > M(AA)(AA)cd. The lower 
case letters a be d. and e represent monodentaie ligands, and upper 

case lettets (AA) represent the donor atoms of a bidentate ligand. 

Indicate which isomers are optically active (chiral). 

8. Draw the shapes of the various d orbitals, and explain why they are 
split into two groups / 2p and in an octahedral ligand field. 

9. Draw a diagram to show how the d orbitals are split into groups with 
different energy in an octahedral ligand field. Some electronic con- 
figurations may exist in both high-spin and low-spin arrangements in 
an octahedral field. Draw all of these cases, and suggest which metal 
ions and which ligands might give rise to each. 
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10. Draw an energy level cttagrarrt to show the. lifting of the degeneracy of 
the 3 d orbitals in a tetrahedral ligand field. 

11. Draw energy level diagrams and indicate the occupancy of the orbitals 
in the following complexes: 

(a) d*\ octahedral, low-spin 

(b) d'\ octahedral with tetragonal elongation 

(c) d H . square planar 

(d) r/ 6 , tetrahedral. 

Calculate in units of A„ the difference in crystal field stabilization 
energy between complexes (a) and (d) assuming that the ligands are 
strong field ligands. 

(Answer: octahedral —2.4A n . tetrahedral -0.27A,,, difference 
-2.13A 0 .) 

12. Calculate the crystal field stabilization energy for a d ion such as Ni~ 
in octahedral and tetrahedral complexes. Use units of A 0 in both 
cases. Which is the most stable? State any assumptions made. 

13. Calculate the spin only magnetic moment for a d ion in octahedral, 
square planar and tetrahedral ligand fields. 

14. Show by means of a diagram how the pattern of d orbital splitting 
changes as an octahedral complex undergoes tetragonal distortion and 
eventually becomes a square planar complex. 
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15. Why are d-d electronic transitions forbidden? Why are they weakly 
absorbing and why do they occur at all? 

16. Why are compounds of Ti 4 * and Zn"* typically white? Why are Mn 2 * 
compounds very pale in colour? What d-d transitions are spin allowed 
for a d 5 ion? 

17. What is the spectrochemical series, and what is its importance? 

18. Given that the maximum absorption in the d-d peak for [Ti(H 2 0) 6 ] 3 * 
occurs at 20300cm" 1 , predict where the peaks will occur f 0r 
[Ti(CN) 6 ] 3 - and [Ti(CI) ft ] 3 - 

19. Describe how Aq changes as the charge on the central metal changes 
from M 2 * to M 3 *, and how it changes in a vertical group or triad 
between a first row, second row or third row transition element. 

20. What would you expect the crystal field stabilization energy to be. 
and what value of magnetic moment would you expect, for the fol¬ 
lowing complexes: (a) [CoF 6 ) 3 ~, (b) [Co(NH 3 ) 6 ) 3+ , (c) [FefH^O];-*, 

(d) [Fe(CN) 6 ] 4 " and (e) [Fe(CN) 6 ] 3 " 

21. In the crystal structure of CuF 2 , the Cu 2 * is six-coordinate with four 
F" at a distance of 1 .93 A and two F" at 2.27 A. Explain the reason for 
this. 

22. Describe and explain the Jahn-Teller effect in octahedral complexes 
of Cr 2 * and Cu 2 *. 

23. The complex [Ni(CN) 4 J 2 ~ is diamagnetic, but [NiCl 4 ) 2 ~ is paramagne¬ 
tic and has two unpaired electrons. Explain these observations and 
deduce the structures of the two complexes. 

24. What methods could be used to distinguish between cis and trans 
isomers of a complex? 

25. Name the individual isomers of each of the following: 

(a) [Pt(NH 3 ) 2 CI 2 J 

(b) CrCI 3 6H 2 0 

(c) fCo(NH 3 ) 5 N0 2 J(N0 3 ) 2 

(d) Co(NH 3 ) 5 (S0 4 )(CI) 

(e) T NH 2 

(en) 2 Co Co(en ) 2 

no 2 

(f) Co(en) 2 NH,BrS0 4 

(g) [Pt(NH 3 )(H 2 0)(C 5 H 5 N)(N0 2 )]CI. 

26. Account for the following: 

(a) Ni(CO ) 4 is tetrahedral 

(b) (Ni(CN) 4 ) 2 " is square planar 

(c) [Ni(NH 3 ) 6 ] 2 + is octahedral. 




PROBLEMS 




27. 


What is the oxidation number of the metal in each of the following 


complexes: 


(a) 

(b) 

(c) 

(d) 

(e) 
(0 

(g) 

(h) 
0 ) 


Co(NH 3 ) 6 ]CI 3 

CoS0 4 (NH 3 ) 4 ]N0 3 

Cd(SCN) 4 ] 2 * 

Cr(en) 3 ]Cl 3 

CuCI 2 (CH 3 NH 2 ) 2 1 

AIH 4 ]~ 

Fe(CN) 6 ] 4 - 

OsClsN] 2 ' 

Ag(S 2 0 3 ) 2 J 3_ 


28. Write the formula for each of the following complexes: 

(a) hexamminecobalt(III) chloride 

(b) potassium iron(III) hexacyanoferrate(II) 

(c) diamminedichloroplatinum(ll) 

(d) tetracarbonylnickel(O) 

(e) triamminechlorocyanonitrocobalt(III) 

(f) lithium tetrahydridoaluminate(IU) 

(g) sodium bis(thiosulphato)argentate(I) 

(h) nickel hexachloroplatinate(IV) 

(i) tetraammineplatinum(II) amminetrichloroplatinate(II) 


29. Write the formula for each of the following complexes: 

(a) tetraamminecopper(II) sulphate 

(b) potassium tetracyanonickelate(O) 

(c) bis(cyclopentadienyl)iron(II) 

(d) tetrathiocyanato-N-zinc(II) 

(e) diamminebis(ethylenediamine)cobalt(III) chloride 

(f) tetraamminedithiocyanatochromium(III) 

(g) potassium tetraoxomanganate(VIl) 

(h) potassium trioxalatoaluminate(III) 

(i) tetrapyridineplatinum(II) tetrachloroplatinate(II) 
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Hydrogen and the hydrides 



4 


ELECTRONIC STRUCTURE 

Hydrogen has the simplest atomic structure of all [he^elements and 

consists of a nucleus containing one proton with a cha ^f J^oJTf 

orbital electron. The electronic structure may be written as \s . Atoms of 

hydrogen may attain stability in three different ways: 

1. By forming an electron pair (covalent) bond with another atom 
Non-metals typically form this type of bond with hydrogen, for examp e 
H : . H 2 0, HCI (ga «) or CH„. and many metals do so too. 

2. By losing an electron to form H + . . . . v m -s i com . 

A proton is extremely small (radius approximately 1.5 x 10 A, com 
pared with 0.7414 A for hydrogen, and 1 -2 A for most atoms). Because 
H* is so small, it has a very high polarizing power, and therefor 
distorts the electron cloud on other atoms. Thus protons are always 
associated with other atoms or molecules. For example, in water or 
aqueous solutions of HCI and H 2 S0 4 . protons exist as H,0 . H 9 O 4 or 
H(H : 0),; ions. Free protons do not exist under 'normal conditions. 
though they are found in low pressure gaseous beams, for example in a 
mass spectrometer. 

3. By gaining an electron to form H~ 

Crystalline solids such as LiH contain the H“ ion and are formed y 
highly electropositive metals (all of Group 1, and some of Group 
However, H~ ions are uncommon. 

Since hydrogen has an electronegativity of 2.1, it may use any of the 

three methods, but the most common way is forming covalent bonds. 


POSITION IN THE PERIODIC TABLE 

Hydrogen is the first element in the periodic table, and is unique. There 
are only two elements in the first period, hydrogen and helium. Hydrogen 
is quite reactive, but helium is inert. There is no difficulty relating 1 
structure and properties of helium to those of the other noble gases i 
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preparation of hydrogen 


Group 18, but the properties of hvd 

of the main groups in the periodic < \ ainnot ** correlated with any 

on its own. e ’ and hydrogen is best considered 

The structure of hydrogen atom* ; 

metals. The alkali metals (Groun 1 T 7 S °. me wa ^ s l ^ at °* l he alkali 

outer shell, but they tend to lose thi *\° haVC * Ust 0ne electron in their 

tive ions M* Though H + are know hlw* “ rcactions fo ™ posi- 

dency to pair the electron and form “ much 8 rea,er ten ' 

The structure of hydrogen atom, i« i„ c * b °" d ' 

(Group 17), since both are one elertr °i? e Wa ^ *'* ce t * lat l ** e halogens 

many reacLs the halogens 1^^°" ° f ?, n ° ble gaS " e ,n 

X'. Hydrogen does not typically form a " “ d *° form negative ions 

form ionic hydrides M^H'Te . LiH and r tfi u°"; alth ° Ugh '* doCS 
positive metals. * * L ' H a " d CaH ’> W1,h a highly electro- 

In some ways ‘he structure of hydrogen resembles 

elements, since both have a half filled shell of electrons, mere are a 
number of similarities between hydrides and organometallic compounds 

s ' nC ? j C 3 ^ nd ^ both have one remaining valency. Thus 

the y n e is often considered as part of a series of organometallic com- 

P°“ ndS ' VuTc r, U “' II LiMe ’ LiEt; NH, NMe 3 , NEt 3 ; or SiH„ 
CH 3 S 1 H 3 , (CH 3 ) 2 SiC 1 2 , (CH 3 ) 3 SiCI, (CH 3 ) 4 Si. However, hydrogen is 
best treated as a group on its own. 
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ABUNDANCE OF HYDROGEN 

Hydrogen is the most abundant element in the universe. Some estimates 
are that 92% of the universe is made up of hydrogen, and 7% helium, 
leaving only 1% for all of the other elements. However, the abundance of 
H 2 in the earth’s atmosphere is very small. This is because the earth’s 
gravitational field is too small to hold so light an element, though some H 2 
is found in volcano gases. In contrast, hydrogen is the tenth most abundant 
element in the earth’s crust (1520 ppm or 0.152% by weight). It also occurs 
in vast quantifies as water in the oceans. Compounds containing hydrogen 
are very abundant, particularly water, living matter (carbohydrates and 
proteins), organic compounds, fossil fuels (coal, petroleum, and natural 
gas), ammonia and acids. In fact hydrogen is present in more compounds 
than any other element. 


PREPARATION OF HYDROGEN 

Hydrogen is manufactured on a large scale by a variety of methods. 

1. Hydrogen is made cheaply, and in large amounts, by pass^ g 
over red hot coke. The product is water gas, which » a 
and H 2 . This is an important industrial fuel since it is easy to make 

burns, evolving a lot of heat. 
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HYDROGEN AND THE HYDRIDES 


C + H 2 0 


1000*c 


CO + H 2 
water gas 


CO + H 2 + 0 2 C0 2 + H 2 0 + heat 

It is difficult to obtain pure H 2 from water gas, since CO is difficult to 
remove. The CO may be liquified at a low temperature under pressure, 
thus separating it from H 2 . Alternatively the gas mixture can be mixed 
with steam, cooled to 400°C and passed over iron oxide in a shift 
converter, giving H 2 and C0 2 . The C0 2 so formed is easily removed 
either by dissolving in water under pressure, or reacting with K 2 C0 3 
solution, giving KHCO 3 , and thus giving H 2 gas. 

CO + H 2 -^2. 2Hj + C0 2 

'---' 450 °C 

water gas Fe 2 o, 

2. Hydrogen is also made in large amounts by the steam reformer 
process. The hydrogen produced in this way is used in the Haber 
process to make NH 3 , and for hardening oils. Light hydrocarbons such 
as methane are mixed with steam and passed over a nickel catalyst at 
800-900°C. These hydrocarbons are present in natural gas, and are also 
produced at oil refineries when ‘cracking’ hydrocarbons. 

CH 4 + H 2 0 -► CO + 3H 2 
CH 4 + 2H 2 0—> C0 2 + 4H 2 

The gas emerging from the reformer contains CO, C 0 2 , H 2 and excess 

steam. The gas mixture is mixed with more steam, cooled to 400 “C and 

passed into a shift converter. This contains an iron/copper catalyst and 
CO is converted into C0 2 . J 

co + h 2 o co 2 + h 2 

HOCHjCHtNH 3 SOl 1! i0n 0f KjC ° 3 or e «hanolamine 

heating 2 2C ° 3 ° F e,hanola ™"* are regenerated by 

K 2 CO 3 + co 2 + H 2 0 — 2KHCO, 

2HOCH 2 CH 2 NH 2 + co 2 + H 2 o - (hoch 2 ch 2 nh,),co 3 

3. In oil refineries, natural hydrocarbon mixture, „r k- u 

such as naphtha and fuel oil are ‘cracked 1 »« f ^ molecular we, 8 ht 

weight hydrocarbons which can be us^asne^H^ 0 *" molecular 
able by-product. petrol. Hydrogen is a valu- 

4. Very pure hydrogen (99.9% pure) is maH* i 

solutions of NaOH or KOH. This is the ^ e, cctrolysis of water or 
does not conduct electricity very f x ? cns,ve me thod. Water 

aqueous solutions of NaOH or KOH in a Ju to e,e ctrolyse 

e ^^h nickel anodes and 
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iron cathodes. The gases producer! in . 

ments must be kept separate. anode and cathode compart- 

r"° de . 20H ‘ - H j0 + Jo 2 + 2e - 

Cathode 2H 2 0 + 2e~ _ 20H" + H 2 

° veral1 H 2 o - h 2 + Jo, 

5 - :xs: tzrs s a byproduct 

produce NaOH, Cl 2 and H 2 Q NaCI ' S elec,ro| y sed «° 

6. The usual laboratory preparation is the reaction of dilute acids with 
metals, or of an alkali with aluminium 

Zn + H 2 S0 4 ZnS0 4 + H 2 
2A1 + 2NaOH + 6H 2 02Na[Al(OH) 4 ] + 3H 2 

7. Hydrogen can be prepared by the reaction of salt-like hydrides with 
water. 


LiH + H z O LiOH + H 2 
PROPERTIES OF MOLECULAR HYDROGEN 

Hydrogen is the lightest gas known, and because of its low density, it is 
used instead of helium to fill balloons for meteorology. It is colourless, 
odourless and almost insoluble in water. Hydrogen forms diatomic mol¬ 
ecules H 2 , and the two atoms are joined by a very strong covalent bond 
(bond energy 435.9 kJ mol" 1 ). 

Hydrogen is not very reactive under normal conditions. The lack of 
reactivity is due to kinetics rather than thermodynamics, and relates to the 
strength of the H—H bond. An essential step in H 2 reacting with another 
element is the breaking of the H—H bond to produce atoms of hydrogen. 
This requires 435.9 kJmor 1 : hence there is a high activation energy to 
such reactions. Consequently many reactions are slow, or require high 
temperatures, or catalysts (often transition metals). Many important 
reactions of hydrogen involve heterogeneous catalysis, where the catalyst 
first reacts with H 2 and either breaks or weakens the H H bond, and thus 
lowers the activation energy. Examples include: 

1. The Haber process for the manufacture of NH, from N 2 and H 2 using a 
catalyst of activated Fe at 380-450°C and 200 atmospheres pressure. 

2. The hydrogenation of a variety of unsaturated organic compounds, 
(including the hardening of oils), using finely divi e '■ or as 

3. The production of methanol by reducing CO with H 2 over a Cu/Zn 
catalyst at 300 °C. 

Thus hydrogen will react directly with most elements under the appropriate 
conditions . 
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Hydrogen burns in air or dioxygen, forming water and liberates a | argc 
amount of energy. This is used in the oxy-hydrogen flame for welding a „ d 
cutting metals. Temperatures of almost 3000 C can be attained. Care 
should be taken with these gases since mixtures of H 2 and 0 2 close t0 a 
2:1 ratio are often explosive. 

2 h 2 + 0 2 - 2H 2 0 = -485 kJ mor 1 

Hydrogen reacts with the halogens. The reaction with fluorine is violent, 
even at low temperatures. The reaction wit(i chlorine is slow in the dark, 
but the reaction is catalysed by light (photocatalysis), and becomes faster 
in daylight, and explosive in sunlight. Direct combination of the elements 

is used to produce HC1. 

H 2 + F 2 -> 2HF 


+ Cl 


2HC1 


A number of metals react with H 2 , forming hydrides. The reactions are 
not violent, and usually require a high temperature. These are described 
in a later section. 

Large quantities of H 2 are used in the industrial production of ammonia 
by the Haber process. The reaction is reversible, and the formation of 
NH 3 is favoured by high pressure, the presence of a catalyst (Fe), and 
a low temperature. In practice a high temperature of 380-450°C and a 
pressure of 200 atmospheres are used to get a reasonable conversion in a 
reasonable time. 


N : + 3H 2 ^ 2NH 3 AC7 2 98k — “33.4 kJ mol 


Large amounts of H 2 are used for hydrogenation reactions, in which 
hydrogen is added to a double bond in an organic compound. An im¬ 
portant example is the hardening of fats and oils. Unsaturated fatty acids 
are hydrogenated with H 2 and a palladium catalyst, forming saturated fatty 
acids which have higher melting points. By removing double bonds in the 
carbon chain in this way, edible oils which are liquid at room temperature 
may be converted into fats which are solid at room temperature. The 
reason for doing this is that solid fats are more useful than oils, for example 
in the manufacture of margarine. 


CH 3 • (CH 2 )„ • CH=CH • COOH + H 2 - CH 3 • (CH 2 )„ • CH 2 CH 2 COOH 

Hydrogen is also used to reduce nitrobenzene to aniline (dyestuffs 
industry), and in the catalytic reduction of benzene (the first step in th e 
production of nylon-66). It also reacts with CO to form methyl alcohol. 


CO + 2H 2 ^' CHjOH 

The hydrogen molecule is very stable, and has little tendency to dtsso 
ciatc at normal temperatures, since the dissociation reaction is nig ) 
endothermic. 

H 2 -► 2H A H = 435.9kJ mol" 1 


ISOTOPES OF HYDROGEN 


However, at high temperatures in . 

light, H 2 does dissociate The atom V ? C(nC arc ’ or under ultraviolet 

than half a second, after w^ch TrZl2 ^ P ™ for leSS 

and a large amount of heat. This reaction haTh° ^ ™° lecu ' ar h y dr °g en 

Atomic hydrogen is a strong reducing agent and ? e USed W f dlng me,als ’ 
solution by means of a zinc-coDDer m , i commonly prepared in 
COU ple. COpper cou P' e °r a mercury-aluminium 

There has been much talk of rh* * 

Reading ) The idea is that hv/H ydrogen economy. (See Further 

Reading.) he idea is that hydrogen could replace coal and oil as the maior 

source of energy. Burning hydrogen in air ,n„„ , J 

liberates a great deal of energy In contrast tr> h ,^ gen ° rms watcr ar| d 
“ . .1 J ncr gy. in contrast to burning coa or oil in oower 

stations, or petrol or diesel fuel in motor engines burning hydmgen 
produces no pollutants like SO : and oxides of nitrogen that are responsible 
for acid ram. nor C0 2 that ,s responsible for the greenhouse effect, nor 
carcinogenic hydrocarbons, nor lead compounds. Hydrogen can be pro- 
duced readily by electrolysis, and chemical methods. Hydrogen can be 
stored and transported as gas in cylinders,.as liquid in very large cryogenic 
vacuum flasks, or dissolved in various metals. (For example, the alloy 
LaNi 5 can absorb seven moles of hydrogen per mole of alloy at 2.5 atmos¬ 
pheres pressure and room temperature.) Liquid hydrogen is used as a fuel 
in space rockets for the Saturn series and the space shuttle in the US space 
programme. Car engines have been modified to run on hydrogen. Note 
that the use of hydrogen involves the risk of an explosion, but so does the 
use of petrol. 


ISOTOPES OF HYDROGEN 


If atoms of the same element have different mass numbers they are called 
isotopes. The difference in mass number arises because the nucleus con¬ 
tains a different number of neutrons. Naturally occurring hydrogen con¬ 
tains three isotopes: protium jH or H, deuterium or D, and tritium 
orT. Each of the three isotopes contains one proton and 0, 1 or 2 neutrons 
respectively in the nucleus. Protium is by far the most abundant. 

Naturally occurring hydrogen contains 99.986% of the {H isotope, 
0.014% of ]D and 7 x 10" ,6 % ?T, so the properties of hydrogen are 

essentially those ol the lightest isotope. 

These isotopes have the same electronic configuration and have essen- 
lially the same chemical properties. The only differences in chemical 
properties are the rates of reactions, and equilibrium constants. For 
example: 


l. 

i 

4m . 


H, is more rapidly adsorbed on to surfaces than D, 

H. reacts over 13 times faster with Cl 2 than D 2 . because 2 
energy of activation. 


has a lower 


r,.„ . f rnm differences in mass are called 

.Differences in properties which arise irom ui 

isotope effects. Because hydrogen is so light, the percentage '^ n ^ 

mass between protium jH. deuterium i’H and tritium ,H is greater than 
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HYDROGEN AND THE HYDRIDES 


Table 8.1 Physical constants for hydrogen, deuterium and tritium 


Physical constant 

h 2 

d 2 

T 2 

Mass of atom (amu) 

1.0078 

2.0141 

3.0160 

Freezing point (°C) 

-259.0 

-254.3 

-252.4 

Boiling point (°C) 

-252.6 

-249.3 

-248.0 

Bond length (A) 

0.7414 

0.7414 

(0.7414) 

Heat of dissociation (kJ mol" 

435.9 

443.4 

446.9 

Latent heat of fusion (kJ mol -1 ) 

0.117 

0.197 

0.250 

Latent heat of vaporization (kJ mol -1 ) 

0.904 

1.226 

1.393 

Vapour pressure* (mm Hg) 

54 

5.8 



• Measured at -259.1 °C. 
f Measured at 25 °C. 


between the isotopes of any other element. Thus the isotopes of hydrogen 
show much greater differences in physical properties than are found 
between the isotopes of other elements. Some physical constants for H 2 , 
D 2 and T 2 are given in Table 8.1. 

Protium water H 2 0 dissociates to about three times the extent that 
heavy water D 2 0 does. The equilibrium constant for the dissociation of 
H 2 0 is 1.0 x 10' 14 whilst for D 2 0 it is 3.0 x 10" 15 

H 2 0 ^ H + + OH" 

D 2 0 ^ D + + OD" 

Protium bonds are broken more readily than deuterium bonds (up to 
18 times more readily in some cases). Thus when water is electrolysed, H 2 
is liberated much faster than D 2 , and the remaining water thus becomes 
enriched in heavy water D 2 0. If the process is continued until only a small 
volume remains, then almost pure D 2 0 is obtained. About 29000 litres of 
water must be electrolysed to give 1 litre of D 2 0 that is 99% pure. This is 
the normal way of separating deuterium. Heavy water D 2 0 undergoes all 
of the reactions of ordinary water, and is useful in the preparation of other 
deuterium compounds. Because D 2 0 has a lower dielectric constant, ionic 


Table 8.2 Physical constants for water and heavy water 


Physical constant 

h 2 o 

D;0 

Freezing point (°C) 

Boiling point (°C) 

Density at 20°C (gem' 3 ) • 

Temperature of maximum density (°C) 

Ionic product at 25 °C 

Dielectric constant at 20 °C 

Solubility gNaCl/lOOg water at 25 °C 
Solubility gBaCl 2 /100g water at 25 °C 

0 

100 

0.917 

4 

1.0 x 10' 14 

82 

35.9 

35.7 

3.82 

101.42 

I. 017 

II. 6 

3.0 x 10'' 

80.5 

30.5 

28.9 



__ __ISOTOPES OF HYDROGEN 

compounds are less soluble in it than in water. Some physical properties of 
H 2 0 and D 2 0 are compared in Table 8.2. 

Deuterium compounds are commonly prepared by ‘exchange’ reactions 
where under suitable conditions deuterium is exchanged for hydrogen in 
compounds. Thus D 2 reacts with H 2 at high temperatures, forming HD 
and it also exchanges with NH 3 and CH 4 to give NH 2 D, NHD 2 , ND 3 and 
CH 3 D CD 4 . It is usually easier to prepare deuterated compounds using 
D 2 0 rather than D 2 . The D 2 0 may be used directly in the preparation 
instead of H 2 0, or exchange reaction^ may be carried out using D 2 0. 

Exchange reactions 


NaOH + D 2 0 
NH 4 C1 + d 2 o 
M g3 N 2 + 3D 2 0 


NaOD + HDO 
NH 3 DC1 + HDO 
2ND 3 -I- 3MgO 


Direct reactions 


so 3 + d 2 o —► d 2 so 4 

P 4 O | 0 4* 6D 2 0 —* 4D 3 P0 4 
Tritium is radioactive and decays by p emission. 

iT —► 2 He 4- _?e 

It has a relatively short half life time of 12.26 years. Thus any T present 
when the earth was formed has decayed already, and the small amount 
now present has been formed recently by reactions induced by cosmic rays 
in the upper atmosphere. 

,4 7 N + An-'fc + jT 

•*N + {H -► ?T + other fragments 

iD + ?D - ?T + |H 

Tritium only occurs to the extent of one part T 2 to 7 x 10 17 parts H 2 . It was 
first made by bombarding D 3 PO 4 and (ND^SO. with deuterons 

fD + ?D -» ?T + !H 

It is now produced on a large scale by irradiating lithium with slow neu- 
irons in a nuclear reactor. 

$Li + on ‘He + iT 

Tritium is used to make thermonuclear deuces, and for resear store< j 

fusion reactions as a means of P^^^f^releases T 2 . Tritium is widely 
by making UT„ which on hearing to 400 C ^ ft is easy £ 

used as a radioactive tracer.since it at ^ j(h nQ P Y radiation . The p 

work with. It only emits low energy P rad ' required. It is non- 

radiation is stopped by 0.6 cm of air, so no shiel g H 

toxic, except if labelled compounds are Q i$ made as follows: 

Tritiated compounds are made from T 2 g 
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figure 8.1 Ortho and para 
hydrogen: (a) ortho, parallel 
spins: (b) para, opposite. 


HYDROGEN AND THE HYDRIDES- 

T 2 + CuO —► T 2 0 + Cu 


or 


2T 2 + 0 2 


Pd catalyst 


2T 2 0 


Many tritiated organic compounds can b<: made _y '"S' the c °mpo Urid 

under T 2 gas for a few weeks, when exchange of H and T occurs. Ma„ y 
compounds can be made by catalytic exchange >n solution us.ng either T, 
gas dissolved in the water, or T 2 0. 










ORTHO AND PARA HYDROGEN 

The hydrogen molecule H 2 exists in two different forms known as ortho 
and para hydrogen. The nucleus of an atom has nuclear spin, in a similar 
way to electrons having a spin. In the H 2 molecule, the two nuclei maybe 
spinning in either the same direction, or in opposite directions. This gives 
rise to spin isomerism, that is two different forms of H 2 may exist. These 
are called ortho and para hydrogen. Spin isomerism is also found in other 
symmetrical molecules whose nuclei have spin momenta, e.g. D 2 , N 2 , F 2 , 
Cl 2 . There are considerable differences between the physical properties 
(e.g. boiling points, specific heats and thermal conductivities) of the ortho 
and para forms, because of differences in their internal energy. There are 
also differences in the band spectra of the ortho and para forms of H 2 . 

The para form has the lower energy, and at absolute zero the gas con¬ 
tains 100% of the para form. As the temperature is raised, some of the 
para form changes into the ortho form. At high temperatures the gas 
contains about 75% ortho hydrogen. 

Para hydrogen is usually prepared by passing a mixture of the two forms 
of hydrogen through a tube packed with charcoal cooled to liquid air 
temperature. Para hydrogen prepared in this way can be kept for weeks at 
room'temperature in a glass vessel, because the ortho-para conversion 
is slow in the absence of catalysts. Suitable catalysts include activated 
charcoal, atomic hydrogen, metals such as Fe, Ni, Pt and W and para¬ 
magnetic substances or ions (which contain unpaired electrons) such as 
0 2 , NO, N0 2 , Co 2+ and Cr 2 O v 


HYDRIDES 


Binary compounds of the elements with hydrogen are called hydrides. 

type of hydride which an element forms depends on its electronegati' 

and hence on the type of bond formed. Whilst there is not a sharp divi 

* w ' en ! oni ^’ cov alent and metallic bonding, it is convenient to cons 
hydrides in three classes (Figure 8.2)’ 


1. ionic or salt-like hydrides 

2. covalent or molecular hydrides 

3. metallic or interstitial hydrides 


Scanned by uam^canner 


hydrides ~~] [ 249 



At high temperatures the metals of Group 1 (alkali metals) and the heavier 
Group 2 metals (alkaline earth metals) Ca, Sr and Ba form ionic hydrides 
such as NaH and CaH 2 . These compounds are solids with high melting 
points, and are classified as ionic (salt-like) hydrides. The evidence that 
they are ionic is: 

1. Molten LiH (m.p. 691 °C) conducts electricity, and H 2 is liberated at 
the anode, thus confirming the presence of the hydride ion H 

2. The other ionic hydrides decompose before melting, but they may be 
dissolved in melts of alkali halides (e.g. CaH 2 dissolves in a eutectic 
mixture of LiCI/KCl), and when the melt is electrolysed then H 2 is 
evolved at the anode. 

3. The crystal structures of these hydrides are known, and they show no 
evidence of directional bonding. 

Lithium is more polarizing and hence more likely to form covalent 
compounds than the other metals. Thus if LiH is largely ionic, the others 
must be ionic, and thus contain the hydride ion H" 

The density of these hydrides is greater than that of the metal from 
which they were formed. This is explained by H" ions occupying holes in 
the lattice of the metal, without distorting the metal lattice. Ionic hydrides 
have high heats of formation, and are always stoichiometric. 

This type of hydride is only formed by elements with an electronega- 
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tivity value appreciably lower than the value of 2.1 for hydrogen, th Us 
allowing the hydrogen to attract an electron from the metal, forming M+ 

Group 1 hydrides are more reactive than the corresponding Group 2 
hydrides, and reactivity increases down the group. 

Except for LiH, ionic hydrides decompose into their constituent ele¬ 
ments on strong heating (400-500 °C). 

The hydride ion H" is not very common, and it is unstable in water. 
Thus ionic hydrides all react with water and liberate hydrogen. 

LiH + H 2 0 -> LiOH + H 2 
CaH 2 + 2H 2 0 -» Ca(OH) 2 + 2H 2 

They are powerful reducing agents, especially at high temperatures 
though their reactivity towards water, limits their usefulness. 

2CO + NaH -* H • COONa + C 
SiCl 4 + 4NaH -> SiH 4 + 4NaCI 
PbS0 4 + 2CaH 2 -♦ PbS + 2Ca(OH) 2 

NaH has a number of uses as a reducing agent in synthetic chemistry. It 
is used to produce other important hydrides, particularly lithium alumi¬ 
nium hydride Li[AIH 4 ] and sodium borohydride Na[BH 4 ], which have 
important uses as reducing agents in both organic and inorganic syntheses. 

4LiH + AlClj -» Li[AIH 4 ) + 3LiCI 
4NaH + B(OCHj) 3 -> Na[BH 4 ] + 3NaOCH 3 


Covalent hydrides 

i y l ri i es of . Ihe f' block e| ements are covalent. This would be expected 
atoms anlThv i”" ^ * S -£ aM d,fference in electronegativity between these 
molecule The 1 com P° unds usual| y consist of discrete covalent 

together andtrh? T “ Waak forCes holdi "8 'he molecules 

points Thev do nrJT^^ , y vo * a,de> an( ' have low melting and boiling 

XH or XH IT 6 eC,riCi,y The f0rmu,a of 'hese hydrides is 

belongs The« hvdS« " “ ,he P eriodic table to which X 

Xiongs. These hydrides are produced by a variety of synthetic methods: 

I- A few may be made by direct action. 


Group 


13 

14 

B 

C 

Al 

Si 

Qa 

Ge 

In 

Sn 


Pb 


15 

16 

N 

0 

P 

S 

As 

Se 

Sb 

Te 

Bi 

Po 


17 

F 

Cl 

Br 

I 


Figure 8.3 Elements which form 


covalent hydrides by direct action 



hydrides 


1 -* 2NH, (high temperature and pressure 

a n , + Ca,alys, ‘ Haber process) 

2 2 * 2H 2 0 (spark - explosive) 

2 + Cl 2 -► 2HCI (burn - preparation of pure HQ) 

2. Reaction of a halide with Li|AlH 4 | in a dry solvent such as ether. 

4BCI, + 3Li[A 1H 4 ] —* 2BjH h + 3AICI, + 3LiQ 
SiCl 4 + Li(AIH 4 | - SiH 4 + A1C1, + LiCI 

3. Treating the appropriate binary compound witn acid. 

2Mg,Bj + 4H,P0 4 -a B 4 H i(1 + 2Mgi(P0 4 ) 2 + H 2 
AUC, + 12HCI 3CH 4 + 4AIC1, 

FeS + H 2 S0 4 - H 2 S + FcS0 4 
Ca,P 2 + 3H 2 S0 4 — 2PH 3 + 3CaS0 4 

4. Reaction of an oxoacid with NafBFU] in aqueous solution. 

4HjAsOj + 3Na(BH 4 ) -► 4AsH 3 + 3H 3 B0 3 + 3NaOH 

5. Converting one hydride into another by pyrolysis (heating). 

B 4 H 10 —► B 2 H* + other products 

6 . A silent electric discharge or microwave discharge may produce long 
chains from simple hydrides. 

GeH 4 -♦ Ge 2 H 6 -► Ge,H* -► up to Ge 9 H 2 „ 


Table 8.3 Melting and boiling points of some 
covalent hydrides 


Compound 

m.p. (°C) 

b.p. (°C) 

b : h 6 

-165 

-90 

ch 4 

-183 

-162 

SiH 4 

-185 

-111 

GeH 4 

-166 

-88 

SnH 4 

-150 

-52 

NH, 

PH, 

AsH, 

-78 

-33 

-134 

-88 

-117 

-62 

SbH, 

-88 

-18 

h 2 o 

h 2 s 

0 

-86 

+ 100 
-60 

HF 

HCI 

HBr 

HI 

-83 

-115 

-89 

-51 

+ 20 
-84 
-67 
-35 
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The Group 13 hydrides are unusual in that they are electron deficient 
and polymeric, although they do not contain direct bonds between the 
Group 13 elements. The simplest boron hydride is called diborane B 2 H h 
though more complicated structures such as B 4 H| ( „ B 5 H 9 , BsH n , 
and B 10 H ,4 are known. Aluminium hydride is polymeric (A 1 H 3 )„. | n 
these structures, hydrogen appears to be bonded to two or more atoms, 
and this is explained in terms of multi-centre bonding. This is discussed in 
Chapter 12 . 

In addition to the simple hydrides, the rest of the lighter elements 
except the halogens form polynuclear hydrides. The tendency to do this 
is strongest with the elements C, N and O, and two or more of the non- 
metal atoms arc directly bonded to each other. The tendency is greatest 
with C which catenates (forms chains) of several hundreds of atoms. These 
are grouped into three homologous series of aliphatic hydrocarbons, and 
aromatic hydrocarbons based on benzene. 

CH 4 , C 2 H 6 , C 3 H 8 , C 4 H|o ... C n H 2 „+2 (alkanes) 

C 2 H 4 , C 3 H a , C 4 H 8 . C„H 2 „ (alkenes) 

C 2 H 2 , C,H 4 , C 4 H 6 . C„H 2 „_ 2 (alkynes) 

C 6 H 6 (aromatic) 

The alkanes are saturated, but alkenes have double bonds, and alkynes 
have triple bonds. Si and Ge only form saturated compounds, and the 
maximum chain length is Si| 0 H 22 . The longest hydride chains formed by 
other elements are Sn 2 H 6 , N 2 H 4 and HN„ P,H S , As,H<, H,0, and H 2 0„ 
and H 2 S 2 , H 2 S 3 , H 2 S 4 , H 2 S 5 and H 2 S h . . 

The melting point and boiling point of water stand out in Table 8.3 as 
being much higher than the others, but on closer examination the values 
for NH 3 and HF also seem higher than would be expected in their respec¬ 
tive groups. This is due to hydrogen bonding, which is discussed later in 
this chapter. 


Metallic (or interstitial) hydrides 

element! ^ ^ WoCk - and ,he 'amhanide and actinide 

IZ T'l I :^ u reaCt Wi,h H - and form metallic hydrides. How- 

absence of hvHH ' he 1 . middle of the ^.ock do no, form hydrides. The 

the hvdroeen m c-' S Part ,be P er '°^' c ,a ble is sometimes called 

me hydrogen gap . (See Figure 8.2.) 

eerTunder "* Zul prCpared by hea,in « metal with hydro- 

decomoose anH^h 655 ^ 6 k bea,ed ,0 higher temperatures the hydrides 
JSB 5 T, ,h,S may bC USCd aS a c °"~ method of making very 

melal^t hev I'™hf h"^' Y h3Ve pro P erties similar to those of the parent 

magnetic properties Iustre ' coriduct electricity, and have 

because the crvstal ^ n ^ es are * ess ^ ense than the parent metal. 

y a tice has expanded through the inclusion of hydrogen. 
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hydrides 


This distortion of the crystal latti™ 

when the hydride is formed a solid ni» may f make ,he hydride brittle. Thus 

hydride. If the finely powdered n metallUrnsilMofinelypowdered 
giving hydrogen and very finely divided me, * hey de «»"pose, 

may be used as catalysts. They are ,| ' T heSe finely divided me,als 

fabrication, and zirconium hvdriH* K U used ln metallurgy in powder 
nuclear reactors. as been used as a moderator in 

LaH„, TiH„ and PdH„, where the V ? ,0metric ’ for exam P'e 
Typical formulae are LaH 2 R7 YbH imposition is variable. 

and PdHo. 7 . Such compounds were oripinaii * * Nb Hi .7 

and it was thought that a varying numhe r . cal ^ interstitial hydrides , 

metal lattice could be filled by hydrogen * ° mterst,tlal P° sitions in the 

* ~fd d '" “ .***«• 

act as catalysts for hydrogenation reactions Th * *°, gen ,n th,s way can 
be effective through providing H atoms rather ^ mokcules^lHs nm 
certam whether the hydrogen is present in the interstitial si*s as a o™ ° 

hydrogen, or alternately as H+ ions with delocalized electrons but they 
have strongly reducing properties. ney 

Even small amounts of hydrogen dissolved in a metal adversely affect its 
strength and make it brittle. Titanium is extracted by reducing TiCI 4 with 
Mg or Na in an inert atmosphere. If an atmosphere of H 2 is used, the Ti 
dissolves H 2 , and is brittle. Titanium is used to make supersonic aircraft 
and since strength is important, it is produced in an atmosphere of argon.’ 

The bonding is more complicated than was originally thought, and is still 
the subject of controversy. 


1. Many of the hydrides have structures where hydrogen atoms occupy 
tetrahedral holes in a cubic close-packed array of metal atoms. If all of 
the tetrahedral sites are occupied then the formula is MH 2 , and a 
fluorite structure is formed. Generally some sites are unoccupied, and 
hence the compounds contain less hydrogen. This accounts for the 
compounds of formula MH, 5 _ 2 formed by the scandium and titanium 
groups, and most of the lanthanides and actinides. 

2. Two of the lanthanide elements, europium and ytterbium, are unusual 
in that they form ionic hydrides EuH 2 and YbH 2 , which are stoichio¬ 
metric and resemble CaH 2 . The lanthanides are typically trivalent, but 
Eu and Yb form divalent ions (associated with stable electronic struc¬ 
tures Eu(+II) 4 f (half filled/shell), and Yb(+II) 4 / 14 (filled/shell)). 

3. The compounds YH 2 and LaH 2 , as well as many of the lanthanide and 
actinide hydrides MH 2 , can absorb more hydrogen, forming compounds 
of limiting composition MHv Compositions such as LaH 27 f, and 
CeH 2 w are found. The structures of these are complex, sometimes 
cubic and sometimes hexagonal. The third hydrogen atom is more 
loosely held than the others, and rather surprisingly it may occupy an 
octahedral hole. 
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_ HYDROGEN AND THE HYDRIDES j 

4. Uranium is unusual and forms two different crystalline forms of iru 
that are stoichiometric. 

5. Some elements (V, Nb, Ta. Cr, Ni and Pd) form hydrides amm 

ing to MH. Formulae such as NbHo 7 and PdH 0 * are typical ^he*" 1 " 1 '' 
less stable than the other hydrides, are nonstoichiometric and 
a wide range of composition. ,sl 0ver 

The Pd/H 2 system is both extraordinary and interesting. When red ha, 
Pd is cooled in H 2 it may absorb or occlude up to 935 times its ou,n „ i ° 
of H 2 gas. This may be used to separate H 2 or deuterium D f ’ Ume 
other gases. The hydrogen is given off when the metal is hea 2 ted 0 I and e |h° r 

bm V ^,h an T me,h ° d ° f Wei8hi " 8 ^ limiting formulat Pda 

but neither the structure nor the nature of the interaetinn h „ 7 ’ 

and H are understood. As hydrogen is absorbed, the metallic^ 6 ", d 
ity decreases, and the material eventually h fmm « „ metallic: conductiv- 

hydrogen is mobile and diffuses throughout the metaM^"™^' Tf* 
the erroneous reports of producing eneZh lu ' " ,' S P ° SSlble ,ha ' 
of D 2 0 at room temperature between PdelemnX 5 ' 0 " „ by elec,rolysis 
the reaction between Pd aLTl. t l SW / ea ' lyene W fro "' 
or deuterium to give helium. (See Chapter 3 " 7' fUS '° n ° f hydr0gen 

Intermediate hydrides 

MgH, has Dronerti« in k». t h pol y mer Wlth hydrogen bridges. 

CuH ZnHTJdH and HeH 'T ° f and C0Valen * hydrid « 

metallic and covalent hvdrid« H -ri, haVe proper,les mtermediate between 
(AIH.,)„. CuH is endothermv ,h hCy 8re pr ° bably elec,ron deficient like 

compound, and is formed by reducingCu^wTh'h^ P h 1° ^ ' he 
The hydrides of Zn rn ,„h u 8 , ,h hy P°Phosphorous acid. 
Li[AIH 4 ] ’ a " d Hg afC made by re ducing the chlorides with 

the HYDROGEN ion 

™e e sstrgVof hydroge " a, ° m 

hkely to contain ionic hydrogen fluor,de ,s ,he impound most 

ference in electroneeativL k . ' H >• s,nc e it has the greatest dif- 

Thus compounds SSin B H e " en n ere ‘ he ^ is °" ly 45% — 

energy can be provided bv u* ° n ^ * ormec * if the ionization 

dissolved, for example in wate^he'D 7h P J i 0 ‘. eSS -. Thus if ,he compound is 
very high ionization energy. I n water ir* hydra,,on ener 8 y may offset the 
the energy evolved is 1091 kJ mol-' ti. are solvated - forming H,0\and 
ionization energy comes from the .1 he rema mdcr of the 1311 kJ mol ' 1 

By TOm ' he elec,ro " affinity (the energy evolved in 
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forming the negative .on), and also , he solv«- 

ion. Ovation energy of the negative 

Compounds which form solvated hvdmo„ 

called acids. Even though the ions presenter 'u — a suitable solvent are 

customary to write the ion as H + , indication K h ( ° f CVen H ’°< )• '< is 

5 a hydrated proton. 

hydrogen bonding 

In some compounds a hydrogen 

to two atoms, for example in [p—H—Fl-^rc^ ra,her s,rong forces 
attracted to more than two atoms.) It was it hydrogen is 

formed two covalent bonds, but it is now re™ * t ^°“ 8ht ! hat h y d rogen 
has the electronic structure Is 1 , it can onlv f gnlZed tbat ’ since h y dro g^n 
hydrogen bond is most simply regarded as aZn covalem bond - The 
between a lone pair of electrons on one atom h ec,rostatlc a,tra «ion 
hydrogen atom that carries a fractional charge 8+" 8 en ' ly b ° nded 

Hydrogen bonds are formed only with the most electronegative atoms 
(Of these. F. O, N and Cl are the four most important elements.) These 
bonds are very weak, and are typically about 10kJmo|-\ though hydro¬ 
gen bonds may have a bond energy from 4 to 45kJmor'. This must be 
compared with a C—C covalent bond of 347 kj mop 1 . Despite their low 
bond energy, hydrogen bonds are of great significance both in biochemical 
systems and in normal chemistry. They are extremely important because 
they are responsible for linking polypeptide chains in proteins, and for 
linking pairs of bases in large nucleic acid-containing molecules. The 
hydrogen bonds maintain these large molecules in specific molecular 
configurations, which is important in the operation of genes and enzymes. 
Hydrogen bonds~are responsible for water being liquid at room tempera¬ 
ture, and but for this, life as we know it would not exist. Since hydrogen 
bonds have a low bond energy, they also have a low activation energy, and 
this results in their playing an important part in many reactions at normal 
temperatures. 

Hydrogen bonding was first used to explain the weakness of trimethy- 
lammonium hydroxide as a base compared with tetramethylammonium 
hydroxide. In the trimethyl compound the OH group is hydrogen bonded 
to the Me^NH group (shown by a dotted line in Figure 8.4), and this makes 
it more difficult for the OH group to ionize, and hence it is a weak baseMn 
the tetramethyl compound, hydrogen bonding cannot occur, so the OH 
group ionizes and the tetramethyl compound is thus a muc stronger 
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figure 8.4 Structures of trimethyl and tetramethyl ammonium hydrox.de 
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HYDROGEN AND THE HYDRIDES 


In a similar way the formation of an intramolecular hydroeen h 
o-nitrophenol reduces its acidity compared with /n-nitrophenol ° nd in 

nitrophepoti where the formation of a hydrogen bond is not ^ P 
(Figure 8.5). P°»»ib| e 

Intermolecular hydrogen bonding may also take place, and it h 
striking effect on the physical properties such as melting points bofr 3 
points, and the enthalpies of vaporization and sublimation (Figure 8 61 i 
general the melting and boiling points for a related series of compoun!| n 
increase as the atoms get larger, owing to the increase in dispersive fore 
Thus by extrapolating tfte boiling points of H 2 Te, H 2 Se and H 2 S one would 
predict that the boiling point of H 2 0 should be about —100 °C, whilst it' 

actually +100 °C. Thus-water boils about 200 °C higher than it would in the 
absence of hydrogen bonding. 

In much the same way the boiling point of NH 3 is much higher than 
would be expected by comparison with PH 3 , AsH 3 and SbH 3 , and similarly 
HF boils muoh higher than HC1, HBr and HI. The reason for the higher 
than expected boiling points is hydrogen bonding. Note that the boiling 
points of the Group 14 hydrides CH 4 , SiR*, GeH 4 and SnH 4 change 
smoothly, as they do not involve hydrogen bonding. 

The hydrogen bonds in HF link the F atom of one molecule with the H 
atom of another molecule, thus forming a zig-zag chain (HF)„ in both the 
liquid and also in the solid (Figure 8.7). Some hydrogen bonding also 
occurs in the gas, which consists of a mixture of cyclic (HF) 6 polymers, 
dimeric (HF) 2 , and monomeric HF. (The hydrogen bond in F—H... F is 
29kJmol” 1 in HF (ga$) .) 

A similar pattern can be seen in the melting points and the enthalpies of 
vaporization of the hydrides, indicating hydrogen bonding in NH 3 , H 2 0 
and HF, but not in.CH 4 (Figure 8.6c). 

Strong evidence for hydrogen bonding comes from structural studies. 
Examples include ice, which has been determined both by X-ray and 
neutron diffraction, the dimeric structure of formic acid (determined in 
the gas phase by electron diffraction), X-rav structures of the solids 
for sodium hydrogencarbonate and boric acid (Figure 8.8), and many 
others. 

Another technique for studying hydrogen bonds is infra-red absorption 
spectra in CCU solution,, which allows the O—H and N—H stretching 
frequencies to be studied. 


ACIDS AND BASES 

There are several so-called theories of acids and bases, but they are not 
really theories but merely different definitions of what we choose to ca an 
acid or a base. Since it is only a matter of definition, no theory is more ng ^ 
or wrong than any other, and we use the most convenient theory . ion 
particular chemical'situation. Which is the most useful theory or e ^ 
of acids and bases? There is no simple answer to this. The answer 



J^iPlAND BASES 


on whether we are considering ionic react 

aqueous solution, or in a fused melt. and sol “»i°n, in non- 

th e strengths of acds and bases. For this re a ’ n WC rCquire a measure of 
theones. reason we need to know several 
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CH 4 


/ SnH 4 
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GeH 4 
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SbH 3 
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-200 
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Period 


*•* (a) Boiling points of hydrides, (b) Melting points of hydrides, (c) 
enthalpies of vaporization of hydrides. (Adapted from Lagowski, J.J., Modem 
nor S°nic Chemistry , Marcel Dekker, New York, p. 174.) 
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Figure 8.7 Hydrogen bonded chain in solid HF. 


Arrhenius theory 

In the early stages of chemistry, acids were distinguished by their sour 
taste and their effect on certain plant pigments such as litmus. Bases we 
substances which reacted with acids to form salts. Water was.used 
exclusively for reactions in solution, and in 1884 Arrhenius suggeste 
theory of electrolytic dissociation and proposed the self-ionization 
water: 
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[« (From L. Pauling. ne Na,ur fjt , (c f A | av er of crysialline H,BO,. 

Cornell University Press. Ithaca. I960.) ( ) 
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HjO ^ H + + OH- 

Thus substances producing H + were called acids, and substances pro¬ 
ducing OH” were called bases. A typical neutralization reaction is 

HCI + NaOH -► NaCI + H z O 

acid base sail water 


or simply 


H+ + OH“ — H 2 0 


In aqueous solutions the concentration of H + is often given in terms of 
pH, where: 


pH = logio 



-log,o[H + ] 


where [H + ] is the hydrogen ion concentration. More strictly the activity of 
the hydrogen ions should be used. This logarithmic scale was introduced by 
S.P.L. S0rensen in 1909. It then is very useful for expressing concentrations 
over several orders of magnitude (e.g. 1MH + is pH 0, 10 -14 MH + is 
pH 14). 

Until the turn of the nineteenth century it was thought that water was 
the only solvent in which ionic reactions could occur. Studies made by 
Cady in 1897 and by Franklin and Kraus in 1898 on reactions in liquid 
ammonia, and by Walden in 1899 on reactions in liquid sulphur dioxide, 
revealed many analogies with reactions in water. These suggested that the 
three media were ionizing solvents and could be useful for ionic reactions 
and that acids, bases and salts were common to all three systems. 

Although water is still the most widely used solvent, its exclusive use 
limited chemistry to those compounds which are stable in its presence. 
Non-aqueous solvents are now used increasingly in inorganic chemistry 
because many new compounds can be prepared which are unstable in 
water, and some anhydrous compounds can be prepared, such as anhy¬ 
drous copper nitrate, which differ markedly from the well known hydrated 
form. The concepts of acids and bases based on the aqueous system need 
extending to cover non-aqueous solvents. 


Acids and bases in proton solvents 
Water self-ionizes: 


2H 2 0 ^ HjCT + OH 

The equilibrium constant for this reaction depends on the concentration 
of water [H 2 Oj, and on the concentrations of the ions [H,0 + ] and [OH'|- 

K _ [H3O+HOH-I 
(H 2°] 2 

Since water is in large excess, its concentration is effectively constant, so 
the ionic product of water may be written: 

K w = [H,CT|(OH-) = l(T' 4 mol 2 r 2 



The value of K w is 1.00 x 10" u mo i2i-2 

perature. Thus at 25 °C there will be in-’ 
of OH" in pure water. 


'* Varies wi,h tem ' 
mo1 of H,0+ and lO-’mor 1 



-- airi 

temperatures 
Temperature (°C) 




0 

■‘W\NIUI 1 ) 

0.12 x 10“ 14 

10 

20 

0.29 x 10” 14 

25 

0.68 x 10“ 14 

30 

1.00 x 10“ 14 

40 

1.47 x 10“ 14 

100 

2.92 x io- 14 
47.6 x 10" 14 


Acids such as HA increase the concentration of H 3 0 + : 

HA + H 2 0 H 3 0* + A“ 

t 

K _ (h ? o*iia-| 

W [HAJIHjO] 

In dilute solution water is in such a large excess that the concentration of 
water is effectively constant (approximately 55 M), and this constant can 
be incorporated in the constant at the left hand side. Thus: 

[H 3 Q*)[A-| 

r. . . « 


Table 8.5 Relation between pH, |H + | and [OH‘] 


pH 

[H + ] (moll" 1 ) 

[OH") (moll" 1 ) 

0 

10° 

10-' 4 


1 

10’ 1 

10“ 13 


2 

10“ 2 

10"' 2 


3 

10" 3 

IO -11 

- Acidic 

4 

10' 4 

I0-'o 


5 

10" 5 

10- 9 


6 

IO" 6 

IO"* 


7 

i<r 7 

10 4-Neutral 

8 

10"' 

10“ 6 


9 

10- 9 

IO -5 


10 

IO -10 

IO -4 


11 

10"“ 

IO" 3 

Basic 

12 

10" 12 

10~ 2 


13 

10"' 5 

10” 1 


14 

10" 14 

10° 
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HYDROCIEN AND THE HYDRIDES 


The pH scale is used to measure the activity of hydrogen ions (pH - 
-log|H + j). and it refers to the number of powers of ten used to express 
the concentration oPhydrogen ions. In a similar way the acid dissociation 
constant K., may be expressed as a p K., value: 


pK., = log tt = - log K. { 

*Vl 


Thus p/C, is a measure of the strength of an acid. If the acid ionizes almost 
completely (high acid strength) then /C, will be large, and thus p/C, will he 
small. The p/C., values given below show that acid strength increases on 
moving from left to right in the periodic table: 

CH 4 NH, h 2 o HF 
p K a 46 35 16 3 

Acid strength also increases on moving down a group: 

HF HCI HBr HI 

p/C, 3 -7 -9 -10 


With oxoacids containing more than one hydrogen atom, successive dis¬ 
sociation constants rapidly become more positive, i.e. the phosphate 
species formed on successive removal of H + become less acidic: 

H,P0 4 ^ H + + H 2 P0 4 " p/C, = 2.15 

H 2 P0 4 ~ ^ H* + HP0 4 " p/C 2 = 7.20 

HPOj" ^ H* + POj" p/C, = 12.37 

If an element forms a series of oxoacids. then the more oxygen atoms 
present, the more acidic it will be. The reason for this is that the elec¬ 
trostatic attraction for the proton decreases as the negative charge is 
spread over more atoms, thus facilitating ionization. 


very weak acid 


weak acid strati# acid very strati# acid 

HNOt p/C, = 3.3 UNO, p/C, = -1.4 


H 2 SO, p/C, = 1.9 
HOCI p/C, = 7.2 HCIOj p/C, = 2.0 


H : S0 4 p/C, = (- I) 

HCIO, p/C, = - I HCIOap/C, = (-10) 


Bronsted—Lowry theory 

In 1923, Bronsted and Lowry independently defined acids as proton 
donors, and bases as proton acceptors. 

2H : 0 ^ H,CT -i- OH 

Milvcnl and base 

For aqueous solutions, this definition does not differ appreciably from the 
Arrhenius theory. Water self-ionizes as shown above. Substances that 
increase the concentration of |H,OJ* in an aqueous solution above the 



ACIDS and bases 


value of 10 7 mol 2 r 2 f rom , h . 

decrease it are bases. ' 0n,za, ion are acids, and those that 

The Bronsted-Lowry theory is useful , 
acid-base systems to cover solvents sue! as 7a CXtends ,he of 
aad, anhydrous sulphuric acid, and all hvH ammonia ’ glacial acetic 

should be emphasized that bases accent "^/^" “"‘aining solvents. It 
them to contain OH~ P pro,ons . and there is no need for 

In liquid ammonia: 


NH 4 CI + NaNH 2 - Na + cr + 2NH 

aad base ^ 

solvent 


or simply: 


263 


Similarly in sulphuric acid: 


nh; 

+ NH 2 -» 2NH, 

aad 

base 

solvent 

(donates 

(accepts 

a proton) 

a proton) 


acid: 

h 3 so; 

+ hso 4 - — 

2H 2 SO 

add 

base 

solvent 


Chemical species that differ in composition only by a proton are called ‘a 
conjugate pair’. Thus every acid has a conjugate base, which is formed 
when the acid donates a proton. Similarly every base has a conjugate acid. 

A ^ B‘ + H + 

add conjugate 
base 

B + H + ^ A* 

base conjugate 

acid 

In water 

HCI + h 2 o ^ HjO + + cr 

acid basc conjugate conjugate 

f • I acid base 

1 - 1 i 


In the above reaction, HCI is an acid since it donates protons, and in doing 
so forms Cl", its conjugate base. Since H 2 0 accepts protons it is a base, 
and forms HjO + , its conjugate acid. A strong acid has a weak conjugate 

base and vice versa. 

In liquid ammonia: 



+ NH 3 

conjugate 

base 


n mmnniurn salts act as acids since they can donate 
In liquid ammonia a a . ts as a base since it accepts protons. The 
protons, and the sulphide ion 
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reaction is reversible, and it will proceed in the direction that produce 
weaker species, in this case HS“ and NH3. s 

A limitation of the Bronsted- Lowry theory is that the extent to wh' A 
dissolved substance can act as an acid or a base depends largely 0 ° h 
solvent. The solute only shows acidic properties if its proton-donat' 
properties exceed those of the solvent. This sometimes upsets our t d g 
tional ideas on what are acids, which are based on our experience of h 
happens in water. Thus HCIO 4 is an extremely strong proton donor if 
liquid HCIO 4 is used as a solvent, then HF dissolved in this solvent * 
forced to accept protons, and thus act as a base. m ,s 

HCIO 4 + HF ^ H 2 F+ + CICV 

In a similar way HN0 3 is forced to accept protons and thus act as a b ^; 
both HCIO 4 and liquid HF as solvent. basc ,n 

mn at HNn ° n vJVn We f ! en ,ft nCy ‘° d0natC P ro,ons - mineral acids 
(HC1, HN0 3 , H 2 SO 4 etc.) all have a much stronger tendency to donate 

protons. Thus in aqueous solutions the mineral acids all donate croton! 

0 the Water ’ th “ s behav,n B as acids, and in the process the mineral acids 
ionize completely. 1US 

In liquid ammonia as solvent, the acids which were strong acids in water 
all react completely with the ammonia, forming NH|. 

HCIO4 + NH 3 -► NH4" + CKV 
HNO3 + NH3 -► NHJ' + NOJ 

ta **» *'“*» 
H2SO4 + 2 NHj 2NH4 + SO7 

Weak acids in water, such as oxalic acid, also react completely with NH 3 . 

(COOH) 2 + 2NH3 -» 2NH4* + (COO)j _ 

Sn« 1 , d ou!d e ^ hS haVC a " I > , een ,eVe " cd ,he solven * liquid ammonia: 
Srrr ,S C , a ‘‘ eda ,eve,1 ‘ n 8 solvent. It even makes some 
as weak adds urea ’ w lc ^ show no acidic properties in water, behave 

NH 2 CONH 2 -t- NHj NH 4 + NH 2 CONH" 

ference l hI l add n «r SO * V .!. ntS S j C ** aS ®* ac ! a * acet ' c acid emphasize the dif- 
ized in this solvent" Th'’ and “ veral mineral adds are only partially ion- 
and if a substance h - i j I* 0311 * 6 acc, ' c ac id itself is a proton donor, 
Zate Droron “ aCetic acid is to ^^ave as an acid, it must 

must force the acet * S v,"® ^ *^ an acet ' c ac 'd. Thus the dissolved material 

acids to ioni 7 ^ €C . tlc . acid it more difficult for the usual 

comoletelv It Volin ^ 11 wd * encourage the usual bases to ionize 

iTvTmnl hat 4 differen,ia,in 8 solve "t for adds will act as a 

levelling solvent for bases, and vice versa 


Lewis theory 


Uwis developed a definition of acids and u 
presence of protons, nor mvolve reason! ‘J* 3 * did not de P end on *"e 
acids as materials which accept electron W “ h ,he so,vent He defined 
whicn donate electron pairs. Thus a P * ,rS ; and bases as substances 
a Lewis base since the lone pair of eler.™ ‘ S 3 U L W1S acid and ammonia is 
donated to a proton: ns on tbe n >trogen atom can be 


H* + :NH 3 -» [H<—:NHj] + 

Similarly hydrogen chloride is a Uwis acid 

pair from a base such as water though this is followedS''° ne 
H 2 0 + HCI — [HjO:-*HCI] -» H 3 0* + CP 


ssfissis” ! “'" 1 w<>,ch w » i» 


1. M ny substances, such as BF 3 or metal ions; that are not normally 
regarded as acids, behave as Uwis acids. This theory also includes 
reactions where no ions are formed, and neither hydrogen ions nor any 
other ions are transferred (e.g. Ni(CO) 4 ). 

acid base 

BF 3 + NH 3 [H 3 N:—»BF 3 ] 

Ag* + 2NH 3 -* [H 3 N»Ag«-:NH 3 ] + 

Co 3+ + 6 CI* — [CoCI*] 3 - 

Ni + 4CO -♦ Ni(CO ) 4 

O + CsHj — C 4 H 5 N:—»0 (pyridine oxide) 

2. There is no scale of acid or basic strength, since the strength of an acid 
or a base compound is not constant, and varies from one solvent to 
another, and also from one reaction to another. 

3. Almost all reactions become acid-base reactions under this system. 


The solvent system 

Perhaps the most convenient general definition of acids and bases is due 
to Cady and Elsey, and can be applied in all cases where the solvent un¬ 
dergoes self-ionization, regardless of whether it contains protons ornot 
Many solvents undergo self-ionization, and form positive and eg 
ions in a similar way to water: 

2H 2 0 ^ H 3 0 + + OH' 

2NHj ^ nh; + NHJ 
2H 2 so 4 - h 3 so; + hso 4 - 
2 POCI, - poci 2 + poci; 

2BrF 3 — BrF? + BrF 4 
N ,0 4 - NO* + NOj- 
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Acids are defined as substances that increase the concentration of the 
positive ions characteristic of the solvent (H 3 0 * in the case of water, NH + 
in liquid ammonia, and NO + in N 2 0 4 ). Bases are substances that increase 
the concentration of the negative ions characteristic of the solvent (OH~ 
in water, NHJ in ammonia, NOJ in N 2 0 4 ). 

There are two advantages to this approach. First, most of our traditional 
ideas on what are acids and bases in water remain unchanged, as do 
neutralization reactions. Second, it allows us to consider non-aqueous 
solvents by analogy with water. 

Thus water ionizes, giving H 3 0 + and OH' ions. Substances providing 
HjO^ (e.g. HC1, KNOj and H 2 SO 4 ) are acids, and substances providing 
OH (e.g. NaOH and NH 4 OH) are bases. Neutralization reactions are of 
the type acid + base —> salt + water. 


HC 1 + NaOH NaCI + H ,0 

acid base sail 


2 ' 
water 


Similarly liquid ammonia ionizes, giving NHJ and NHJ ions Thus 
ammonium salts are acids since they provide NH 4 * ions, and sodamide 

NaNH 2 is a base since it provides NH 2 ~ ions. Neutralization reactions are of 
the type acid + base —+ salt 4- solvent . 

NH 4 CI 4 NaNH 2 -► NaCI 4 2NH 3 

salt solvent 

k « 4 ^' i ° ni “ S in ‘° NO+ and N0 >' ions n«us in N 2 0 4 as solvent NOCI 
is an acid since it produces NO* and NaMO » , u ’ 

jqQ- v 1 ^ * ana NaNU 3 is a base since it produces 

NOCI + NaNOj -♦ NaCI + N 2 0 4 

•>*** MU lolvtnt 

systems 'rh^hroaH 0 " H P fi lieS equal,y wel1 t0 P ro,on and non-proton 
pSc^em T" 3,50 haS advan,a 6 « w »>en considering 

solute are not absolute ' 1 ^, ains w h y *h e acidic or basic properties of a 

regard acetic acid as an acid ^ °" thC S ° lvent ' We norma,ly 

an acid, because in water it produces H 3 0 + 

CH 3 COOH + H 2 0 - h 3 0 + + CH 3 COO- 

Howeve 

since H 2 S 0 4 is a stronger aS \ ^ ase w ^ e . n su lphuric acid is the solvent 
HN 0 3 is forced TS^T T' ! han CH 3 C °OH. In a similar way 
important in producinc nifr * 3 b * SC * n H2S ° 4 as solvent, and this is 
compounds by a mixture nf ° niu,n lons NOJ' in the nitration of organic 
' X,Ure of concentrated H 2 S0 4 and HNOj. 

HzSQ, + CH 3 COOH - CHjCOOH^ + HSO 4 - 

jS ° 4 + HNO J~* (H 2 N 0 3 ]’ + HS 0 4 ‘ 

[h 2 no 3 j* -► h 2 o 4 no 2 


----ACIDs aND bases 

The Lux-Flood definition 

Lw* originally proposed a different definite , . 

extended by Hood. Instead of using D roin„< ° f aC ' ds and bases which 
solvent, they defined acids as oxides which ’ ° f ‘° nS charac *eristic of the 
oxides which donate oxygen. Thus: acce P* oxygen, and bases as 

CaO +C o 2 -»Ca 2 + (CO,] 2 - 
' 2 + Ca ° -* Ca 2 + [Si0 3 l 2 - 
6 ^° + P S°'«-* 4N a?[P0 1 ] 2 - 

This system is very useful in dealing with an h„H 

;XTSr,:£ r hi8h x; 

7“”' *» 

and Lux-Flood bases react with water, giving acids 8 ™" 8 baSCS ‘ n Wa,er ’ 

Na 2 0 + H 2 0 -► 2NaOH 
p *Oio 4- 6H 2 0 -*• 4H 3 P0 4 

The Usanovich definition 

This defines an acid as any chemical species which reacts with bases 
gives up cations, or accepts anions or electrons. Conversely a b! isanC 
c emical species which reacts with acids, gives up anions or electrons, or 
combines with cations. This is a very wide definition and includes all the 
Lewis acid-base type of reactions, and in addition it includes redox 
reactions involving the transfer of electrons. 

Hard and soft acids and bases 

Metal ions may be divided into two types depending on the strength of 
their complexes with certain ligands. 

Type (a) metals include the smaller ions from Groups 1 and 2, and the 
left hand side of the transition metals, particularly when in high oxidation 
states, and these form the most stable complexes with nitrogen and oxygen 

donors (ammonia, amines, water, ketones, alcohols), and also with F~ 
and Cl~. 

Type (b) metals include ions from the right hand side of the transition 
senes, and also transition metal complexes with low oxidation states, such 
as l ^ e carbonyls. These form the most stable complexes with ligands such 
as I~ ; SCN“ and CN~. 

This empirical classification war useful in predicting the relative stabi¬ 
les of complexes. Pearson extended the concept into a broad range ot 
ac, d-base interactions. Type (a) metals are small and not very polariz- 
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Tabic 8.6 Some hard and soft acids and bases 


Hard acids 
H* 

Li*,Na*,K*. 

Be 2 *, Mg 2 *, Ca 2 *, Sr 2 *, 
AI'*.BF,. AI(CH,), t AlClj, 

Sc 1 *, Ti 4 *, Zr 4 *. VO 2 *, Cr 1 *, 
MoO 1 *, WO 4 *, 

Ce 1 *, Lu 1 *, 

CO 2 , SO, 

_ • _ 

Hard bases 

NH 3 , rnh 2 , n 2 h 4 
h 2 o, roh, r 2 o 

OH-. NOT, CIO;. CO5*. SOJ-, 
POJ-, CHjCOO-, F", cr 


Soft acids 

Pd 2 *. Pt 2 *, Cu*. Ag*. Au*. Hg 2 *, 

(Hgi) 2 *.TI* 

B(CH,),. B 2 H,„ Ga(CH,),. GaCI,. 
GaBr,, Gal, 

(Fe(CO),). (Co(CN),]'- 


Soft bases 

H". CN _ , SCN“, S z O^. l", RS“, 
R ? S, CO, B 2 H„, C 2 H 4 . R%P, P(OR), 


able, and these prefer ligands that are also small and not very polarizable. 
Pearson called these metals hard acids, and the ligands hard bases. In a 
similar way, type (b) metals and the ligands they prefer are larger and 
more polarizable, and he called these soft acids and soft bases. He stated 
the relationship hard acids prefer to react with hard bases, and soft acids 
react with soft bases. This definition takes in the usually accepted acid- 
base reactions (H* strong acid, OH” and NH 3 strong bases), and in 
addition a great number of reactions involving the formation of simple 
complexes, and complexes with n bonding ligands. 
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problems 

1. Suggest reasons for and against tho • 

groups of the periodic table. USIOn 0f h V d r°gen in the main 

2. Describe four ways in which hydrogen is , 

scale. Give one convenient method of „ P duced on an industrial 
laboratory. ,h0d of P re P*nng hydrogen in the 

3. Give an account of the main uses of hydrogen 

4 - Scowff ZnTaZtS . hydrogen wi,h: (a) Na ’ « 

5. Describe the different types of hydrides which are formed. 

6 ' they »*f-ionri*. 0f * Pr ° ,0n °' her ,han wa,er - and show how 

r What species are characteristic of acids and of bases in the following 
solvents, (a) liquid ammonia, anhydrous acetic acid, (b) anhydrous 
nitric acid, (c) anhydrous HF, (d) anhydrous perchloric acid, (e) an- 
hydrous sulphuric acid, (f) dinitrogen tetroxide. 

8 . Describe how the various physical properties of a liquid affect its 
usefulness as a solvent. 


9. How are the properties of H 2 O, NH 3 and HF affected by hydrogen 
bonding? 

10. Explain the variation in boiling points of the hydrogen halides (HF 
20°C, HC1 -85°C, HBr -67°C and HI -36°C. 

11. Discuss the theoretical background, practical uses and theoretical 
limitations of liquid hydrogen fluoride as a non-aqueous solvent. List 
materials which behave as acids and bases in this solvent, and explain 
what happens when SbFj is dissolved in HF. 

12 . Discuss the theoretical background, practical uses and limitations of 
liquid ammonia non-aqueous solvent. Explain what happens when 
, 5 NH 4 CI is dissolved in unlabelled liquid ammonia and the solvent 

evaporated. 
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Group 1 — the alkali metals 


Tabic 9.1 Electronic structures 


Element 

Symbol 

Electronic structure 


Lithium 

Li 

U 2 2j' 

or [He] Is 1 

Sodium 

Na 

lr2i 2 2p 6 3i' 1 

or [Ne] 3 j‘ 

Potassium 

K 

l5 2 Zv 2 2p h 35 2 3p 6 4s 1 

or [Ar] 4 j‘ 

Rubidium 

Rb 

ls 2 2s 2 2p’ , 3s 2 3p*3d lu 4j 2 4p"5j 1 

or [Kr| 5* 1 

Caesium 

Cs 

ls 2 2s 2 2p"3s 2 3p , '3d l "4i 2 4p' , 4<f "’5r5p V 

or [Xe] 

Francium 

Fr 


(Rn) 7 j‘ 


INTRODUCTION 

The elements of Group 1 illustrate, more clearly than any other group of 
elements, the effects of increasing the size of atoms or ions on the physical 
and chemical properties. They form a closely jelated group, and P rob ably 
have the least complicated chemistry of any group in the periodic ta e. 
The physical and chemical properties of the elements are closely related to 
their electronic structures and sizes. The elements are all meta s, exceen 
conductors of electricity, and typically soft and highly reactive. ey 
have one loosely held valence electron in their outer s e , ^ ^ 

form univalent, ionic and colourless compoun s. y 

oxides are very strong bases, and the oxos ^j^ 

Lithium, the first element in the group, sh element shows 

from the rest of the group. In all of the main groups 

a number of differences from the later elements in weight of the 

Sodium and potassium together make U P ° known 

*•■>»•« ««»■ 

and used from very early times. Som ^ , 83 5 million tonnes in 

large amounts. World P roduCt, ° n OH ‘„ d a v 38.7 million tonnes of 
1992 (most was used to ^ akeN ° 31 5 mil |ion ,onnes/year of Na 2 C0 3 
NaOH were produced in 1994. A , 0 f i n j us trial import- 

is used, and NaHCOi, Na 2 S0 4 and NaOCI are als^ ^ ^ ^ 

ance. World production of potassi 0 f j t w as used 

as K.O) »»> 24.5 »»»»""“ I. addition 

as fertilizer, but KOH. KNO, and K : 0 are I 
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GROUP 1 — THE ALKALI METALS 



sodium and potassium are essential elements for animal life. The metals 
were first isolated by Humphrey Davy in 1807 by the electrolysis of KOH 
and NaOH. 


OCCURRENCE AND ABUNDANCE 

Despite their close chemical similarity, the elements do not occur together 
mainly because their ions are of different size. 

Lithium is the thirty-fifth most abundant element by weight and is 

Table 9.2 Abundance of the elements in the earth’s crust, 
by weight 


Abundance in earth's crust 


(ppm) 


(%) 


Relative 

abundance 


Li 

Na 

K 

Rb 

Cs 


18 

22700 

18400 

78 


2.6 


0.0018 

2.27 

1.84 

0.0078 

0.00026 


35 

7 

8 
23 
46 


mainly obtained as the silicate minerals, spodumene LiAlfSiO ^ ^ 

lepidolite Li 2 AI 2 (Si0 3 ) 3 (F0H), World pr<Ko„ of ^ 
was 8900 tonnes in 1992. The main sources are the So^et Union S 
Ausuaha 34%. China 12%, Zimbabwe 10%. Chile 9%, and CaTda 8% 
Sodium and potassium are the seventh and eighth most abundant 
elements by weight in the earth’s crust. NaCI and KCI occur in large 
amounts in sea water. The largest source of sodium is rock salt (NaCI). 
Various salts including NaCI, Na 2 B 4 O,.10H 2 O (borax) r Na CO 
N, HC0,.2H ,0) („o„ a) , N , NO , (a|tpe ’ c) iSdXi 

su htXVr^ [°T by ,he eva P° ra, i°n of ancient seas 

chloride J’ a " d ,hC Grea ‘ Salt Uke at Utah USA. Sodium 
chloride is extremely important, and is used in Umor . 

other chemical. World production Jim ^-, 8 ,onnages ,han any 

main sources are the USA 19% S W% SS ‘Tf in 1992 

7%, Germany 8%, Canada 6%^e U K ’„ 9% ’ ,ndia 

France and Mexico 4% each. In most Dlaces it k la 5% each ’ and 

UK (the Cheshire salt field) about 75% is ext a^H " T** ““ !" 

and similarly in Germany over 70% is extract Solut ' on 1 “ b " ne ’ 

obtained by evaporating sea water in some hnt * S nnc ' 8o * ar sab IS 

cent of the salt produced in India is bV^lrJJ a \ COUMncs - Ninc, y ,w0 l* r 

Potassium occurs mainly as deposits nf yn /_ , . , 

and NaCI (sylvinite), and the double salt KCI • °llhe) 

Soluble potassium salts are collectively called 4 nof m ^ carna . ^ 

-»— - »»——ftglss -JEW?s 


- 

sources are from mined deposits (the Soviet t !„• 

Germany 18%. France and the USA 5°/ e h'° n 35 ° /o ’ Canada 25%, 
amounts are recovered from brines such “as th» I ? nd J ,srael 4 %). Large 
the Great Salt Lake (Utah USA), where the o^? Sea (Jordan > and 
tim es higher than in sea water, but it is not econnm. ! may be 20-25 
salts from ‘normal’ sea water. m c t0 recov er potassium 

There is no convenient source of rubidium * a * 
and these elemenu are obtained as by-products fr«m °" e ° f caesium 

All of the elements heavier than bismuth fatnm h,U ? 1 processin 8- 
radioactive. Thus francium (atomic number 89) isflrf 1 " 66 - §3) wBi are 
has a short half life penod of 21 m"nuTes it dil ra *° ac,,ve ’ a " d as it 

«- -«• Any r r«j wben ^ ?oir;re:fdt 

appeared, and any formed now from actinium will have a transit™ 
existence. 7 

99 % 

2 89 Ac * -?c + 2 9 oTh (beta decay) 

i lTta * ' 


^Fr 


► 2 He + ^Fr (alpha decay) 

half life 21 min n 

* -i c + wRa (beta decay) 


EXTRACTION OF THE METALS 

The metals of this group are too reactive to be found in the free state. 
Their compounds are amongst the most stable to heat, so thermal de¬ 
composition is impractical. Since the metals are at the top of the elec¬ 
trochemical series they react with water, so displacement of one element 
from solution by another higher in the electrochemical series will be 
unsuccessful. The metals are the strongest chemical reducing agents 
known, and so cannot be prepared by reducing the oxides. Electrolysis 
of aqueous solutions in order to obtain the metal is also unsuccessful 
Unless a mercury*cathode is used, when it is possible to obtain amalgams, 
but recovery of the pure metal from the amalgam is difficult. 

The metals may all be isolated by electrolysis of a fused salt, usually the 
fused halide, often with impurity added to lower the melting point. 

Sodium is made by the electrolysis of a molten mixture of a ut ° 
NaCI and 60% CaCl 2 in a Downs cell (Figure 9.1). This mixture melts a 
about 600 °C compared with 803 °C for pure NaCI. The small amount of 
"-alcium formed during the electrolysis is insoluble init e ’ 

and dissolves in the eutectic mixture. There are three advantages to 

electrolysing a mixture. 

1 h lowers the melting point and so r J sd ““ sth * J" e ‘^ U re for sodium. 
2. The lower temperature results in a lower P° P 

which is important as sodium vapour ign^s ***' . docs not dissolve 
At the lower temperature the liberated s0< ?i l !® d k s0 | vc( j \ t would short- 
to Ik. melt, .ml this Is import... “ S,*. 

circuit the electrodes and thus prevent t continued overleaf 
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Molten sodium chlorine Molten sodium 
ou» out out 

i * t 


J2K 

Na i/r- 


Anode 


1 

— 


— 

> 

Na 

k 

— 


L- 

— 


r 


Molten 

electrolyte 


Cathode 


-Metal gauze 


Figure 9.1 Downs cell for the production of sodium. 

A Downs cell comprises a cylindrical steel vessel lined with firebrick, 
measuring about 2.5 m in height and 1.5 m in diameter. The anode is a 
graphite rod in the middle, and is surrounded by a cast steel cathode A 
metal gauze screen separates the two electrodes, and prevents the Na 
formed at the cathode from recombining with Cl, produced at the anode. 
The molten sodium rises, as it is less dense than the electrolyte, and 

drifmT CC,ed m a " ,nver,ed ,roush and removed, and packed into steel 

ko S | l | m,lar CeM ^ USed '° obtain P° ,assium by electrolysing fused 
* C H ,? WeVer '. * he Ce mus * be °Pe ra fod at a higher temperature because 

he S 11 8 H P ° ,n ,‘ ° f KC 'c IS h,gher - and ,his resul,s in ,he vaporization of 
than ^ d P ° ,aS f Um Slnce sod,um is a more Powerful reducing agent 

moheTKClTth' a- readi ' y aVailabk ' ,he modern method « to reduce 

Thisgive^ k ;; h 99 so 5?; U ri; pour at 850 ° c in a ,arge frac,iona,ing ,ower - 

Na + KCI NaCI + K 

wa ’ by ,ed “ n8 ““ chion< '“ c * 

I USES OF GROUP 1 METALS AND THEIR COMPOUNDS 
Lithium stearate C, 7 H, s COOLi k „c-h 

i; rr> ;c ^ L d ,n makln 8 automobile grease. 

I Li,CO, added to bauxi e in the electrolytic production of aluminium. 

as ,t lowers the melting po.nrL._,CO, is also used to toughen glass. It also 

has uses in medicine. a s it a ffects the balance between Na* and K* and 

Mg* and Ca- in the body. Lithium metal is used to make alloys for 

example with lead to make white metal' bearings for motor engines. 

with aluminium to make aircraft parts which are light and strong, and 

with magnesium to make armour plate. There is great interest in lithium 
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for thermonuclear purposes, since when bombarded with neutrons it 
produces tritium (see the section on Nuclear Fusion in Chapter 31). 
Lithium is also used to make electrochemical cells (both primary and 
secondary batteries). Primary batteries produce electricity by a chemical 
change, and are discarded when they ‘run down’. These have Li anodes, 
carbon cathodes and SOCl 2 as the electrolyte. There is interest in Li/S 
batteries which could power battery cars in the future, and in secondary 
cells, which may provide a practical way of storing off-peak electricity. 
LiH is used to generate hydrogen, and LiOH to absorb C0 2 . 

Caustic soda NaOH is the most important alkali used in industry and 
is used for a wide variety of purposes including making many inorganic 
and organic compounds, paper making, neutralizations, and making 
alumina, soap and rayon. Soda ash Na 2 C0 3 may be used interchangeably 
with NaOH in many applications such as making paper, soap and deter¬ 
gents. Large amounts are used in making glass, phosphates, silicates, 
and cleaning preparations and removing S0 2 pollution from the flue gases 
at coal-fired electricity generating stations. Large amounts of Na 2 S0 4 are 
used to make soap and detergents, paper, textiles and glass. NaOCl is 
used as a bleach and a disinfectant, and production was about 950000 
tonnes (chlorine equivalent) in 1990. NaHC0 3 is used in baking powder. 
The use of sodium metal is declining, but about 80000 tonnes were 
produced in 1994. The largest use of sodium is to make a Na/Pb alloy 
needed to make PbEt 4 and PbMe 4 . These organolead compounds are 
used as anti-knock additives to petrol, but this use of sodium continues to 
decrease as more cars use lead-free petrol. Another important use is to 
reduce TiCl 4 and ZrCl 4 to the metals. Other uses are making Na 2 0 2 and 
NaH, and in sodium street lights. Liquid sodium metal is used as.a 
coolant in fast breeder nuclear reactors. It transfers heat from the reactor 
to turbines, where the heat produces steam which is used to generate 
electricity. A fast breeder reactor is still operational at Grenoble (France), 
but another at Dounray (Scotland) has now been decommisioned. These 
reactors operate at a temperature of about 600 C; being a metal, sodium 
conducts heat very well, and as its boiling point is 881 °C it is ideal for this 
purpose. Small amounts of the metal are used in organic synthesis, and 

for drying organic solvents. 

Potassium is an essential element for life. Roughly 95% of potassium 
compounds are used as fertilizers for plants - KCI90 /o, K 2 S0 4 9 /o, KN0 3 
1%. Potassium salts are always more expensive than sodium salts, usually 
by a factor of 10 or more. KOH (which is prepared by electrolysing aque¬ 
ous KCI) is used to make potassium phosphates and also soft soap, e.g. 
potassium stearate, both of which are used in liquid detergents. KN0 3 is 
used in explosives. KMn0 4 is used in the manufacture of saccharin, as an 
oxidizing agent and for titrations. K 2 C0 3 is used in ceramics, colour TV 
tubes and fluorescent light tubes. Potassium superoxide KO : is used in 
breathing apparatus and in submarines, and KBr is used in photography. 
Not much potassium metal is produced, and most of it is used to make 
K0 2 . __ 
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ELECTRONIC STRUCTURE 


Group 1 elements all have one valency electron in their.outer orbital - an * 
electron which occupies a spherical orbital. lg n ° r,n 8 ^ ,nner shells 
the electronic structures may be written: 2s , 35 , 4$ , 5s , and 7 s l . The 
single valence electron is a long distance from the nucleus, is only weakly 
held and is readily removed. In contrast the remaining electrons are closer 
to the nucleus, more tightly held, and are removed only with great dif- 
ficulty. Because of similarities in the electronic structures of these ele¬ 
ments, many similarities in chemical behaviour would be expected. 

SIZE OF ATOMS AND IONS 

Group 1 atoms are the largest in their horizontal periods in the periodic 
table. When the outer electron is removed to give a positive ion, the size 
decreases considerably. There are two reasons for this. 

1. The outermost shell of electrons has been completely removed. 

2. Having removed an electron, the positive charge on the nucleus is now 
greater than the charge on the remaining electrons, so that each of the 
remaining electrons is attracted more strongly towards the nucleus. This 
reduces the size further: 

Positive ions are always smaller than the parent atom. Even so, the ions 
are very large, and they increase in size from Li* to Fr* as extra shells of 
electrons are added. 

The Li* is much smaller than the other ions. For this reason, Li only 
mixes with Na above 380 °G, and it is immiscible with the metals K, Rb 
and Cs, even when molten; nor will Li form substitutional alloys with 
them. In contrast the other metals Na, K, Rb and Cs are miscible with 
each other in all proportions. 

DENSITY 

The atoms are large, so Group 1 elements have remarkably low densities. 
Lithium metal is only about half as dense as water, whilst sodium and 
potassium are slightly less dense than water (see Table 9.3). It is unusual 

Table 9.3 Size and density 


Metallic Tonic Density 

radius radius M* 



^electron egativity and bond type 

for metals to have low density* 

■** ta “ .—i? 
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IONIZATION ENERGY 

The first ionization energies for the atoms in this group are appreciably 
lower than those for any other group in the periodic table. The atom a e 
very large so the outer electrons are only held weakly by the nuc eus 
hence the amount of energy needed to remove the outer electron is not 
very large. On descending the group from Li to Na to K to Rb to Cs, the 
size of the atoms increases: the outermost electrons become less strongly 
held, so the ionization energy decreases 

The second ionization energy - that is the energy to remove a second 
electron from the atoms - is extremely high. The second ionization energy 
is always larger than the first, often by a factor of two. because it involves 
removing an electron from a smaller positive ion, rather than from a larger 
neutral atom. The difference between first and second ionization energies 
is much larger in this case since in addition it corresponds to removing an 
electron from a closed shell. A second electron is never removed under 
normal conditions, as the energy required is greater than that needed to 
ionize the noble gases. The elements commonly form M ions. 


Table 9.4 Ionization energies 



First 

Second 


ionization 

ionization 


energy 

energy 


(kJ mol” ) 

(kJ mol" ) 

Li 

520.1 

72% 

Na 

495.7 

4563 

K 

418.6 

3069 

Rb 

402.9 

2650 

Cs 

375.6 

2420 


ELECTRONEGATIVITY AND BOND TYPE 

The electronegativity values for the elements in tins group are very small - 
in fact the smallest values of any element. Thus when these elements react 

with other elements to form compounds, a large 

ference between the two atoms is probable, and .on.c bonds are formed. 


Na electronegativity u.y 

Cl electronegativity ±2 

Electronegativity difference 2M 
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GROUP 1 - THE ALKALI METALS 


Table 9.5 Electronegativity values 


Pauling's 

electronegativity 

Li 

1.0 

Na 

0.9 

K 

0.8 

Rb 

0.8 

Cs 

0.7 



An electronegativity difference of approximately 1.7—1.8 corresponds to 
50% ionic character. The value 2.1 exceeds this, so the bonding in NaCl is 
predominantly ionic. Similar arguments apply to other compounds: for 
example, the electronegativity difference in LiF is 3.0, and in KBr is 2.0, 
and both compounds are ionic. 

The chemistry of the alkali metals is largely that of their ions. 


BORN-HABER CYCLE: ENERGY CHANGES IN THE 
FORMATION OF IONIC COMPOUNDS 


When elements react to form compounds, AG (the free energy of forma¬ 
tion) is negative. For a reaction to proceed spontaneously, the free energy 
of the products must be lower than that of the reactants. 

Usually the energy changes are measured as enthalpy values A H % and 
AG is related to A H by the equation: 

AG = A// - TAS 


In many cases enthalpy values are used instead of free energy values, and 
the two are almost the same if the term TAS is small. At room temperature 
T is almost 300 K, so AG and AH are only similar when the change in 
entropy AS is very small. Entropy changes are large when there is a 
change in physical state, e.g. solid to liquid, or liquid to gas, but otherwise 
entropy changes are usually small. 


A whole series of energy changes is involved when one starts from the 
elements and finishes with an ionic crystal. These changes are shown in the 
Born Haber cycle (Figure 9.2). The cycle serves two purposes. First it 
explains how these various energy changes are related, and second, if all 

bu .,TK 6 ,CrmS C !" be measured - ‘hen the remaining value can be 

these have h ^ IS | n °, lr Wa ^ °h* a ' n ' n g electron affinity values, and 
these have been calculated from this type of energy cycle 

Hess's law states that the energy change occurring during a reaction 

Snl ? ° n ;T energy ° f ,he ini,ial reac,a "« s a " d ‘he energy of the 

S P h?T" ,hC reaC,ion or the rout® taken. 

i ; h XrS , » ener6y Change for ,he reac,i0 " of solid sodium 

and chlorine gas to form a sodium chloride crystal by the direct route 

(measured as the enthalpy of formation) must be the same as the sum of 
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CHANGES 


Na <o) + Cl (0) 


Naf Q) + £ci 


+ £ Enthalpy of 
dissociation 
(AH d ) 


2 ( 0 ) 


+ Ionization energy 

(/) 


Na (0) + JCI 


2 ( 0 ) 


+ Enthalpy of sublimation 
(AH.) 


Ns^ij + JCI 


2 ( 0 ) 


- Enthalpy of 
formation 
(AH,) 


NaCI 


(crystal) 


Figure 9.2 Bom-Haber cycle for the formation of NaCI. 


Nafg, + Cl 


<g) 


N Vo) + Cl, 


Electron 
affinity (E) 


(a) 


- Lattice energy 
(LO 
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all the energy changes going round the cycle by the long route, i.e. by 
producing first gaseous atoms of the elements, then gaseous ions, and 
finally packing these to give the crystalline solid. This may be expressed as: 

AH f = + A// s + / + iAtf d + E + V 

Details of these energy terms are shown in Table 9.6 

amount of energy (the enthalpies of sublimation and dissociation. 



Sublimation 

energy 

M(s)-M (g) 


2 enthalpy of 
dissociation 

ici 2 -ci 


Li 

Na 

K 

Rb 

Cs 


161 

108 

90 

82 

78 


121.5 

121.5 

121.5 

121.5 

121.5 


Ionization 
energy 
M-M + 

520 
496 
419 
403 
376 


Electron 
affinity 
Cl-CI 

-355 
-355 
-355 
-355 
-355 


Lattice Total = 
energy enthalpy of 
formation 


-845 

•770 

■703 

-674 

-644 


-397.5 

-399.5 

-427.5 

-422.5 

-423.5 
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l 


Energy 



the ionization energy) is used to produce the ions, so these terms are 
positive. Ionic solids are formed because an even larger amount of energy 
is evolved, mainly coming from the lattice energy and to a smaller extent 
from the electron affinity, resulting in a negative value for the enthalpy 
of formation A// f . 

All the halides MCI have negative enthalpies of formation, which 
indicates that thermodynamically (that is in terms of energy) it is feasible 
to form the compounds MCI from the elements. The values are shown in 
Table 9.7. Several trends are apparent in these values: 

1. The most negative enthalpies of formation occur with the fluorides. For 
any given metal, the values decrease in the sequence fluoride > chloride 
> bromide > iodide.Thus the fluorides are the most stable, and thp 
iodides the least stable. 

2. The enthalpies of formation for the chlorides, bromides and iodides 
become more negative on descending the group. This trend is observed 
with most salts, but the opposite trend is found in the fluorides. 

Ionic compounds may also be formed in solution, when a similar cycle 
of energy changes must be considered, but the hydration energies of the 
positive and negative ions must be substituted for the lattice energy. 

The energy cycle shown in Figure 9.3 is very similar to the Born- Haber 
cyde.The enthalpy of formation of hydrated ions from the elements in 
their natural state must be equal to the sum of all the other energy changes 
going round the cycle. 


M('o> + X<8> 


M ( g) + X 


<g> 


M 

+ \ Enthalpy of 
dissociation 
(AX,) 

M(gl + 

1 + Ionization energy 

<0 

Ho) + Ix^g, 


- Electron 
affinity (£) 

+ x (0 , 


- Enthalpy of 
hydration M* 


♦ Enthalpy of sublimation M<hydr«t.d> + X< g , 

(AX.) 



- Enthalpy of 

mm .. * ^, hydration X 

Enthalpy of formation 



Figure 9.3 Energy cycle for the hydration of ions. 





^STR UCTURES of the metals, hardness and cohesive energy 

Table 9.7 Standard enthalpies of formation for Group 1 
halides (all values in kJ mol ')_ 


MCI 


MBr 


-271 

-288 

-328 

-329 

-337 


structures of the metals, hardness and cohesive 
energy 

At normal temperatures all the Group 1 metals adopt a body-centred 
bic type of lattice with a coordination number of 8. However, at very 
low' temperatures lithium forms a hexagonal close-packed structure with 
a coordination number of 12. 

The metals are all very soft, and can be cut quite easily with a knife, 
i ithium is harder than the others, but is softer than lead. Bonding in 
metals is discussed in Chapters 2 and 5 in terms of delocalized molecular 

orbitals or bands, extending over the whole crystal. 

The cohesive energy is the force hold.ng the atoms or .ons together in 
the solid (This is the same in magnitude, but the opposite in sign, to the 
enthalpy of atomization, which is the energy required to break the solid up 
into gaseous atoms.) The cohesive energies of Group 1 metals are about 
5 of those for Group 2, and one third of those for Group 13 elements 
” a . a t *y>*> rr»h<*«ive enerev determines the hardness, and it 

Be magmtude £, participate in bonding and 

having only one valency electron whic P . d 0 f t j, e large 

vJ1 *m> o, more i n "T ^ become 

size and diffuse nature of the outer bo 8 cacs j umi so the bonds 
larger on descending the group fromi » to ^ softness of the metals 
are weaker, the cohesive energy decreases 

increases. 

Table 9.8 Cohesive energy _ 

Cohesive energy 


(enthalpy of atomization) 
(kJmoP ) 


Scanned by (JamScanner 



GROUP 1 - THE ALKALI METALS 


MELTING AND BOILING POINTS 

The generally low values for cohesive energy are reflected in the very 
low values of melting and boiling points in the group. The cohesive 

energy decreases down the group, and the melting points decrease 
correspondingly. 

The melting points range from lithium 181 °C to caesium 28.5 °C. These 
are ejctremely low values for metals, and contrast with the melting points 
of the transition metals, most of which are above 1000 °C. 

e melting point of lithium is nearly twice as high (in °C) as that for 
f the others are close together.With many properties it is 

oun that the first element in each group differs appreciably from the rest 
0 t e group. (Differences between lithium and the other Group 1 ele- 
ments are discussed near the end of this chapter.) 


Table 9.9 Melting and boiling points 



Melting point 

Boiling point 


<°C) 

(°C) 

Li 

181 

1347 

Na 

98 

881 

K 

Rb 

63 

39 

766 

688 

Cs 

28.5 

705 


tlaml COLOURS AND SPECTRA 

irradiated°LithV°i!I *° n ' zat ‘ on ene rgies is that when these elements ai 

an atom lose Jg ^' ^ lgM energy absorbed ma Y be sufficient to mak 
electrons and eCtl ? n .‘ Electrons emitted in this way arc called phot< 

in photoelectric cell^ ^ USC ° f Caesium and P otass ium as cathodt 
example in the^fl*' 50 ^ read '^ excited to a higher cnergy level. f< 

heated on a platinum n! ^ m moistened with concentrated HCI. 

from the burner evrit mC r0I ? e w ' re * n a Bunsen burner flame. The he 

ites one of the orbital electrons to a higher ener| 


Table >.10 Flame colours and wavelengths 



Colour 

Wavelength 

(nm) 

Li 

crimson 

670.8 

Na 

yellow 

589.2 

K 

fV 4 

lilac 

766.5 

Rb 

red-violet 

780.0 

Cs 

blue 

455.5 


Wavenumber 

(cm' 1 ) 


14 908 
16972 
13046 
12821 
21954 
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level. When the excited electron droos h,.u 

gives out the extra energy it obtained Th! *° “ s ori 8'nal energy level it 
number v by the Einstein relationship: e " er8y E is rela,ed to the wave 

£ ~ hV(Whereh « Planck’s constant) 

For Group 1 metals, the energy emitt^n 

giving the characteristic flame colorations 3ppears as visib le light, thus 
The colour actually arises from elect™ 
species which are formed momentarily in th ‘V ranS ' ,ions in short-lived 
electrons, and in the case of sodium the ion! J""®- The flame « rich in 
atoms. ns are temporarily reduced to 


287 


Na + e -» Na 

The sodium D-line (which is actually a doublet at <>rq n 
arises from the electronic transition 3s 1 and 589 - 6n m) 

the flame. The colours from different IUm * t0,ns for med in 

same transition, or from the slme sides ^L^h" 01 from « he 

arises from a short-lived LiOH specie formed in th! JTat!" 6 f ° r '' thium 

These characteristic flame colorations of ,h,» „ ’ 

for the analytical determination of these elements^! flT spe ? n are used 
solution of a Group 1 sal, is aspira,e<H!«o* 

photometer The energy from the flame excite! an eLtron !o Vh^hTr 
energy level, and when .« falls back to the lower energy level the S a 
energy ,s gtven out as hght. The intensity of the flame coloration is m 
sured wtth a photoelectric cell. The intensity depends on the concentration 
°f met a l present. A calibration graph is produced by measuring intensities 
with known standard solutions, and the exact concentration of the un¬ 
known solution can be found by comparison with the standard graph. 

Alternatively atomic absorption spectroscopy may be used to estimate 
Group 1 metals. Here a lamp that emifs a wavelength appropriate for a 
particular electronic transition is used to irradiate the sample in the flame. 
Thus a sodium lamp is used to detect sodium in the sample: other lamps 
are used to detect other elements. The amount of light absorbed, this time 
by the ground state atoms, is measured, and is proportional to the amount 
of the particular element being tested for. 


COLOUR OF COMPOUNDS 

Colour arises because the energy absorbed or emitted in electronic transi¬ 
tions corresponds to a wavelength in the visible region. The Group 1 metal 
ions all have noble gas configurations in which all the electrons are paired. 
Thus promoting an electron requires some energy to unpair an electron, 
some to break a full shell of electrons and some to promote the electron 
to a higher level. The total energy is large: hence there are no suitable 
transitions and the compounds are typically white. Any transitions which 
do occur will be of high energy, will appear in the ultraviolet region rather 
than'in the visible region, and will‘be invisible to the human eye. Com* 
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„ . m ., a i s are typically white, except those where the anion 

^ U f S red for example sodium chromate Na 2 [Cr0 4 l (yellow), potassium 
IS coloured P (orange), and potassium permanganate K[MnO,| 

fdeenpurpli ) 2 In these cases the colour comes from the anions [Cr0 4 ]', 
Cr O I 2 ' or (Mn0 4 )' and not from the Group 1 metal ion. 

When Group 1 elements form compounds (usually ionic, but there are a 
few covalent compounds), all the electrons are paired. Because of this 
Group 1 compounds are diamagnetic. There is one notable exception - 
the superoxides, which are discussed later. 


CHEMICAL PROPERTIES 


Table 9.11 Some reactions of Group 1 metals 


Reaction 


Comment 


M + H 2 0 —p MOH + H 2 The hydroxides are the strongest bases known 


with excess dioxygen 
Li + 0 2 —> Li z O 

Na + 0 2 -* Na 2 0 2 

k + o 2 -> ko 2 
m + h 2 -mh 

Li + N 2 —* Li 3 N 

M + P-MjP 
M + As—*■ M 3 As 
M + Sb -♦ M 3 Sb 

M + S —► M 2 S 
M + Se -♦ M 2 Se 
M + Te -♦ M 2 Te 

M + F 2 —► MF 
M + Cl 2 —> MCI 
M + Br 2 -> MBr 
M + I 2 —* MI 

M + NH 3 MNH 2 


Monoxide is formed by Li and to a small extent 
by Na 

Peroxide formed by Na and to a small extent 
by Li 

Superoxide formed by K, Rb, Cs 

Ionic 'salt-like’ hydrides 

Nitride formed only by Li 

All the metals form phosphides 
All the metals form arsenides 
All the metals form stibnides 

All the metals form sulphides 
All the metals form selenides 
All the metals form tellurides 

All the metals form fluorides 
All the metals form chlorides 
All the metals form bromides 
All the metals form iodides 

All the metals form amides 


Reaction with water 

Group 1 metals a " react wi * h water - liberating hydrogen and forming th 

hydroxides. The react.on becomes increasingly violent on descendin 
the group. Thus l.th.um reacts gently, sodium melts on the surface of th 
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CHEMICAL properties 


water and the molten metal u 

(especially if localized) and about v, 8 orous| y and may catch fire 

). and potassium melts and always catches fire. 

2Li + 2H 2 0 2LiOH + H 2 

2Na + 2H 2 0 -► 2NaOH + H 2 

2K + 2H 2 0 -» 2KOH + H 2 

The standard electrode Dotentiak r° „ . •+,.. 

Na^lNa = -2 71 lc + lv , ls E are Ll l Ll = -3 05 volts, 

i u- u u '' K l K = -2.93, Rb + |Rb = -2 92 Cs + ICs - -2 92 
Lithium has the most negative standard „! . j ' . |, ' s “ / 

in the periodic table, largely because of its W of any element 

electrode mtentiak r. j o “ of 1,s h, B h Mration energy. Standard 

equatiom ,nd ° ,bbS free ener 8 y AG are related by the 
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AG = -nFE° 

where "is the numbei of electrons removed from the metal to produce the 
ion, and r is the Faraday constant. 

The reaction Li + + e Li has the largest negative E° value, and hence 
the largest positive AG value. Thus the reaction does not occur. However, 
the reverse reaction Li —► Li"*" + e has a large negative value of AG, so 
lithium liberates more energy than the other metals when it reacts with 
water. In view of this it is at first sight rather surprising that lithium reacts 
gently with water, whereas potassium, which liberates less energy, reacts 
violently and catches fire. The explanation lies in the kinetics (that is the 
rate at which the reaction proceeds), rather than in the thermodynamics 
(that is the total amount of energy liberated). Potassium has a low melting 
point, and the heat of reaction is sufficient to make it melt, or even vapor¬ 
ize. The molten metal spreads out, and exposes a larger surface to the 
water, so it reacts even faster, gets even hotter and catches fire. 


Reaction with air 

Chemically, Group 1 elements are very reactive, and tarnish rapidly in dry 
air. Sodium, potassium, rubidium and caesium form oxides of various 
types, but lithium forms a mixture of the oxide and the nitride, Li-*N. 


Reaction with dinitrogen 

Lithium is the only element in the group that reacts with dinitrogen to form 
a nitride. Lithium nitride, Li,N. is ionic (3Li and N ), an is ru y r . 
Two reactions of the nitride are of interest, irst, on ea in S 
temperature it decomposes to the elements, and second, it reacts with 

water, giving ammonia. 


heat 

2Li 3 N-* 

LijN + 3H 2 0 -* 


6 Li + N 2 
3LiOH + NH, 
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GROUP 1 — T HE ALKALI METALS --- 

OXIDES, HYDROXIDES, PEROXIDES AND SUPEROXIDES 
Reaction with air 

The metals all burn in air to form oxides, though the the product varies 
depending on the metal. Lithium forms the monoxide Li 2 0 (and some 
peroxide Li 2 0 2 ), sodium forms the peroxide Na 2 Q 2 (and some monoxide 
Na 2 0), and the others form superoxides of the type M0 2 . 

All five metals can be induced to form the normal oxide, peroxide or 
superoxide by dissolving the metal in liquid ammonia and bubbling in the 
appropriate amount of dioxygen. 


Normal oxides — monoxides 

The monoxides are ionic, for example 2Li + and O 2- . Li 2 0 and Na 2 0 are 
pure white solids as expected,^but surprisingly K 2 0 is pale yellow,* Rb 2 0 
is bright yellow and Cs 2 0 is orange. Metallic oxides are usually basic. The 
typical oxides M 2 0 are strongly basic oxides, and they react with water, 
forming strong bases. 

Li 2 0 + H 2 0 — 2LiOH 
Na 2 0 + H 2 0 — 2NaOH 
K 2 0 + H 2 0 — 2KOH 

The crystal structures of Li 2 0. Na 2 0. K 2 0 and Rb 2 0 are anti-fluorite 
structures. The anti-fluorite structure is like that for fluorite CaF 2 , except 
that the positions of the positive and negative ions are interchanged. Thus 
Li'*' fill the sites occupied by F“, and O 2 " fill sites occupied by Ca 2 *. Cs 2 0 
has an anti-CdCl 2 layer structure. 


Hydroxides 

Sodium hydroxide NaOH is often called caustic soda, and potassium 
hydroxide is called caustic potash, because of their corrosive properties 
(for example on glass or on skin). These caustic alkalis are the strongest 
bases known in aqueous solution. The hydroxides of Na, K, Rb and Cs are 
very soluble in water, but LiOH is much less soluble (see Table 9.12). At 


Table 9.12 Solubility of Group 1 hydroxides 


Element 

Solubility 

(g/IOOgH.O) 

Li 

Na 

K 

Rb 

Cs 

13.0 (25 °C) 

108.3 (25°C) 
112.8 (25°C) 

N7.6 (30 °C) 
385.6 (I5°C) 
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^°C a saturated solution of NaOH is aho..» n 

pOH is only about 5 molar. molar, whilst saturated 

Uc bases react with acids to form salts and water an H * 
many neutralizations. ’ and arc uscd for 

NaOH + HC 1 NaCI + H 2 0 


The bases also react w,th C0 2 even traces in the air. forming the car¬ 
bonate. LiOH .s used to absorb carbon dioxide in closed envfronmen s 
such as space capsules (where ,ts light weight is an advantage in reducing 
the launching weight). 6 11,8 


2NaOH + C0 2 —» Na 2 COj + H 2 0 

They also react with the amphoteric oxides, Al 2 0, forming aluminates, 
Si0 2 (or glass) forming silicates, Sn0 2 forming stannates, Pb0 2 forming 
plumbates and ZnO forming zincates. 

The bases liberate ammonia from both ammonium salts and coordina¬ 
tion complexes where ammonia is attached to a transition metal ion 
(ammine complexes). 


NaOH + NH 4 C1 — NH 3 + NaCI + H 2 0 
6 NaOH + 2 [Co(NH 3 ) 6 ]C1 3 12NH 3 + Co 2 0 3 + 3NaCI + 3H z O 

hcxamminc 
cobalt(III) chloride 

NaOH reacts with H 2 S to form sulphides S J ~, and hydrogen sulphides 
SH", and it is used to remove mercaptans from petroleum products. 

NaOH + H 2 S -► NaSH -► Na 2 S 


The hydroxides react with alcohols, forming alkoxides. 

NaOH + EtOH -» NaOEt + H 2 0 

sodium elhoxidc 

KOH resembles NaOH in all its reactions, but as KOH ,s m “ c /’ " 1 °" 
expensive it is seldom used. However, KOH is much more soluble in 

alcohol, thus producing OC 2 Hs ions by the equi 1 rium 

C 2 HsOH + OH' ^ OC 2 Hj + H 2 0 

This accounts for the use of alcoholic KOH in ° r h 8an ' C r gng m e |ectroposit!ve 
hydroxides are thermally stable, 1,lu * tra,l h n8 droxides decompose, losing 
nature of the metals. On heating, many y 
water and forming the oxide. 



Peroxides and superoxides 

_ • u i r>- 0 -] 2_ ' on Theyared 8 

The peroxides ail contain the [ oxidizing agents. They may be 

(all the electrons are paired), and are ^ rca ct with water and 

regarded as salts of the dibasic acid 2 2 ’ 
acid, giving hydrogen peroxide H 202 - 


WV/MI II 1 vy >^1 K/ 


W VAI I I WV/MI I I I W I 






Na 2 0 2 + 2H 2 0 -> 2NaOH + H 2 0 2 

Na 2 0 2 is pale yellow in colour. It is used industrially for bleaching wood 
pulp, paper and fabrics such as cotton and linen. It is a powerful ovida^ 
and many of its reactions are dangerously violent, particularly with mat¬ 
erials that are reducing agents such as aluminium powder, charcoal 
sulphur and many organic liquids. Because it reacts with C0 2 in the air it 
has been used to purify the air in submarines and confined spaces, as it 
both removes C0 2 and produces 0 2 . Potassium superoxide K0 2 is even 
better for this purpose. Some typical reactions are: 

% 

Na 2 0 2 + Al -* AI 2 O s 
N a 2 0 2 + Cr 3+ — CrO^“ 

Na 2 0 2 + CO -> Na 2 COj 
2Na 2 0 2 + 2C0 2 -> Na 2 C0 3 + 0 2 

The industrial process for forming sodium peroxide is a two-stage reaction 
in the presence of excess air: 

2Na + K >2 — Na 2 0 
Na 2 0 + i0 2 —> Na 2 0 2 

The superoxides contain the ion (0 2 )-, which has an unpaired electron 
and hence they are paramagnetic and are all coloured (LiO, and Naoj 
yellow, K0 2 orange, Rb0 2 brown and Cs0 2 orange). 

Na0 2 has three different crystal structures, the marcasite structure at 
temperatures, the pyrites structure FeS 2 between -77°C and 
50 C, and a calcium carbide CaC 2 structure at room temperature. Both 
the pyrites and calcium carbide structures are related to the NaCI structure 
m that the metal ions occupy the Na + sites, and 0 2 ~, S|~ and Cl" ions are 
centred on the Cl sites. Since the negative ions contain two atoms, their 
shape is an elongated rod rather than a sphere. In the CaC 2 structure, the 
C 2 ions are all oriented along one of the cubic axes, and thus the unit 
cell is elongated in that direction: hence the unit cell is cubic in NaCI but 
tetragonal in CaC 2 . The pyrites structure is similar, but the C?' ions are 
not all m alignment, and the cubic structure is retained. 

• SU r^ X « e A are /^ e " s,ron 8 er oxidizing agents than peroxides, and 
give both H 2 0 2 and 0 2 with either water or acids. 

K0 2 + 2H 2 0—> KOH + H 2 0 2 + Jo 2 

K0 2 is used in space capsules, submarines, and breathing masks because 
it both produces dioxygen and removes carbon dioxide. Both functions 
are important in life support systems. 


4KO, + 2C0 2 


2K 2 C0 3 + 30, 


4K0 2 + 4C0 2 + 2H 2 0 


more CO> 


4KHCO, + 30; 
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SULPHIDES 



Sodium superoxide cannot be nren 

at atmospheric pressure, but it is m * ° y burnin g ,he metal in dioxygen 

by reacting sodium peroxide with a- commerci ally and in good yields 

pressure (450 °C and 300 atmosphere^ 86 ". 31 , a high tcm P erature and 

pneres) in a stainless steel bomb. 








The bonding in peroxide *„ . 

examples of molecular orbital trearm sup ^ r °JJ ides is described in the 

l-O-O-p- has 18 eTecJrons wS ” Chap ' fef 4 ‘ ^ to- 

shown: ’ ch ‘’““Py ,he molecular orbitals as 



als 2 . o’ls 2 , 02 s 2 , b*2s 2 , o2p 2 . 


| "2 pi, U’2pj 
ln2p 2 , U’2p 2 


increasing energy 

""-—► 


Thus the bond order is one, corresponding to a single bond 

The superoxide ion [OJ- has only 17* electron! wTchgive a bond 
order of 1.5. ^ 



n*2p 2 v 

n'2p' z 


Generally, large atoms or ions form weaker bonds than small ones. The 
peroxide and superoxide ions are large, and it is noteworthy that th^ 
stability of the peroxides and superoxides increases as the metal ions 
become larger. This shows that large cations can be stabilized by large 
anions, since if both ions are similar in size the coordination number will 
be high, and this gives a high lattice energy. 


SULPHIDES 


The metals all react with sulphur, forming sulphides such as Na 2 S, and 
polysulphides Na 2 S rt where n = 2, 3, 4, 5 or 6. The polysulphide ions are 
made from zig-zag chains of sulphur atoms. 


S 

/ \ 

S S- 


s s- 

/ \ / 

s s 


s s 

s s s- 


s s 

-s s s 


s- 


Sodium sulphide can also be made by heating sodium sulphate with 
carbon, or by passing H 2 S into NaOH solution. 

Na 2 SO« + 4 C-* Na 2 S + 4CO 
NaOH + H 2 S -* NaHS + H 2 0 
NaOH + NaHS - Na 2 S + H 2 0 

Group 1 sulphides hydrolyse appreciably in water, giving strongly alkaline 
solutions: 


GROUP I - THE ALKALI METALS 


Na 2 S + H 2 0 -♦ NaSH + NaOH 

Na 2 S is used to make organic sulphur dyestuffs, and in the leather industrv 
to remove hair from hides. Na 2 S is readily oxidized by air to form sodium 
thiosulphate, which is used in photography to dissolve silver halides, and 
as a laboratory reagent for iodine titrations. 

2 Na 2 S + 20 2 + H 2 0 — Na 2 S 2 0, + 2NaOH 
2Na 2 S 2 0, + I 2 Na 2 S 4 C > 6 + 2NaI 


SODIUM HYDROXIDE 

Sodium hydroxide is the most important alkali used in industry It j. 
produced on a large scale (38.7 million tonnes in 1994) by the electrolysis 
of an aqueous solution of NaCI (brine) using either a diaphragm cell or 
a mercury cathode cell. At one time it was also made from Na 2 C0 3 by the 
lime-caustic soda process, but this is only used a little nowadays as other 
methods are cheaper. Details of the industrial methods, uses, and ton- 
nages are given in Chapter 10 . 


SODIUM HYDROGENCARBONATE (SODIUM BICARBONATE) 

About 900000 tonnes of NaHCO, were produced in 1991, of which 40% 
is used for baking powder, 15% to make other chemicals, 12% in pharma- 
«r cal P roduc,s including anti-acid preparations for indigestion, and 
m ex,inguishers An increasing use is flue gas desulphurization. 
NaHCO, can be used on its own to make cakes or bread ‘rise’ since it 

decomposes between 50»C and lOOT. giving bubbles of C0 2 . 


2NaHCO, 




■ IV M I 


♦ Na,CO, + H 2 0 + CO, 


^ 3 / k u 8 D^ Wder J IS morc common| y used, and contains NaHCO,, 
Ca(H 2 P0 4 ) 2 and starch. The Ca(H 2 P0 4 ) 2 is acidic and when moist¬ 
ened it reacts with NaHCO,. giving CO,. The starch is a filler. An im- 

wTu^r. CO 'W/ na K,°1 , baklng powder ' cont ains about 40% starch. 30% 
aHCO,. 20 A NaAI(S0 4 ), and 10% Ca(H,P0 4 ),. The NaAI(SO,), 

slows the reaction down so the CO, is given off more slowly. 


SODIUM SULPHATE 

About 4.3 million tonnes of Na 2 S0 4 were used in 1993. About 55 % of 
this is made synthetically, as a by-product from the manufacture of HCI, 
and also from many neutralization processes that use H,S0 4 . About 45%. 
mainly Glauber s salt Na 2 S0 4 • 10H,O. is mined 
The major use of Na 2 S0 4 - some 70% - is in the paper industry . a „d 
about 10/. is used in detergents, and 10% in glass manufacture. In the 
Kraft paper making process, a strong alkaline solution of Na,SOj is used 
to dissolve the lignin that holds the cellulose fibres together in wood chips 


OXOSALTS - CAR Rom --- 

—' J t 1CARB °NATES. NITRATES AND NITRITES 

The cellulose fibres are then turned 


paper. 


into corrugated cardboard and brown 


nitrites" 5 CARBONATes - b 'carbonates, 


NITRATES AND 


basest and have quite stable (MtosaUs > ° S,t,Ve ' hUS ,0rm very s,rong 

tuailjT decompose ^ 

considerably less stable and decomposes more readily. 2 ' 

Wcarbonates (also To<l 

sohd bicarbonates, though NH,HCO, also exists as a solid. Bicarbonates 
evolve carbon dioxide and turn into carbonates on gentle warming. This 
is one test for bicarbonates in qualitative analysis. The crystal structures of 
NaHCO, and KHCO, both show hydrogen bonding, but are different. 

In NaHCOj the HCO, ions are linked into an infinite chain, whilst in 
KHCO 3 a dimeric anion is formed. 

O—H • • • O 

/ \ 

o—c c—o 

\ / 

O - H—O 

Lithium is exceptional in that it does not form a solid bicarbonate, though 
LiHCOj can exist in solution. All the carbonates and bicarbonates are 
soluble in water. 

Over 50(XX) tonnes of Li 2 C0 3 are produced annually. Most of it is 
added as an impurity to Al 2 0 3 to lower its melting point in the extraction 
of aluminium by electrolysis. Some is used to toughen glass (sodium in the 
glass is replaced by lithium). Na 2 COq is used as washing soda to soften 
water in hard water areas, and NaHC0 3 is used as baking powder. 

The nitrates can all be prepared by the action of HN0 3 on the corre- 
spending carbonate or hydroxide, and they are all very soluble in water. 
UNO, is used for firework* and red-coloured distress flares. Large de¬ 
posits of NaNO, are found in Chile, and are used as a nitrogenous er- 
filizer Solid LiNO, and NaNO, are deliquescent, and because of th.s 

KNOi is used in preference to NaNO, in gunpowder gunpowder ,s a 
ninu 3 is useu ill . flrrn -|\ KNOt is usually obtained from 

mixture of KNO*. sulphur and made from NaNOv 

synthetic nitric acid and K : CO„ but at one time ,t was made from NaNUv 

2 HNO, + K,CO, - 2 KNO, + CO : + H,0 

NaNO, + KCI - KNO, + NaCI 

, .... ,„ w melting solids, and are amongst the most 
Group 1 nitrates are fj ' > on strong heating they decompose into 

stable nitrates known. H 
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nitrites, and at higher temperatures to the oxide. LiN0 3 decomposes m 
readily than the others, forming the oxide. 0re 


2NaNOj 2NaN0 2 + 0 2 

800 °C 

4NaNO, ==± 2Na 2 0 + 50 2 + 2N 2 

# 

Alkali metal nitrates are widely used as molten salts as a solvent in which 
to carry out high termperature .oxidations, and also as a heat transfer 
medium. They are used up to around 600°C, but molten salt baths are 
often used at much lower temperatures. For example, a 1:1 mixture of 
LiN 03 /KN 0 3 melts at the surprisingly low temperature of 125 °C. 

Nitrites are important in the manufacture of organonitrogen com¬ 
pounds, the most important being the azo dyes. Small amounts of NaNO 
are used in molten salt baths with NaN0 3 , and some is used as a food 
preservative. Nitrites are easily recognized in the laboratory, because on 
treatment with dilute acids they produce brown fumes of N0 2 . 

2NaN0 2 + 2HC1 2NaCl + H 2 0 -I- N0 2 + NO 
2NO + 0 2 -► 2N0 2 

NaN0 2 is manufactured by absorbing oxides of nitrogen in NaXO* 
solution. 

Na 2 C0 3 .+ NO. + NO 2NaN0 2 + C0 2 

They can also be made by thermal decomposition of nitrates and the 
chemical reduction of nitrates: 

2NaNO, + C -► 2NaN0 2 + C0 2 
KNO., + Zn - KN0 2 + ZnO 
or by reacting NO with a hydroxide. 

2KOH + 4NO - 2KNO z + N 2 0 + H z O 
4KOH + 6NO — 4KN0 2 + N 2 + 2H 2 0 


HALIDES AND POLYHALIDES 

hydratedsaltlmo^TreadilyThM !heSh “ P ’ '* T"!* ** expeC,ed *° fon " 
trihydrates LiX 3H n h ! u ? ,her metals L «CI, LiBr and Lil form 
tnnydrates L.X.3H.O, but the other alkali metal halides form anhydrous 

numbefof 6 exceptfo? CsC' ^CsBr 2 r\ wi,h 8 coordina * ion f 

structure with a *£■£££ ^ 3 ^ *£2 

the NaQ type of structure than woi.m k. Ra,her ? lore compounds adopt 
of the ions r*lr~ anH .K» ould be expected from the radius ratios 

rives tLe hL^ tao rCas °" f ° r this structure being adopted is that it 

the tvne AY anH i CnCr ^^ SCC / i^ e actions on Ionic compounds of 
the type AX, and Lattice energy in Chapter 31. 
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The alkali metal halides re 

compounds forming ionic Dolvh=h'i WUh ,he halo 8 ens and interhalogen 

Hviynanae compounds: 


K1 + | 2 
KBr + IQ 
KF + BrF, 


K[l,) 

K[BrId| 

K(BrF 4 ] 


HYDRIDES 

Group 1 metals all react with hydrogen for m in • 

M H - However, the ease with ,0mc or sal, -‘ ike hydrides 

to caesium. These hydrides contain L i- d ° ®? decreases from lithium 
found, since hydrogen usually forms H + in '° n / whlch ,s not commonly 
ions exist because on elec“rol v £ hvdl^ C “ 1 be P roved ‘hat H~ 
The hydrides react with water £f a , “ M the anode - 

dride is used as a source of hydrogen for mUit * r ° gen ’ and li,hiuin hy- 
meteorological balloons. 8 f m, '“ ary purposes and for fi'«ng 

LiH + H 2 0 — LiOH + H, 

Lithium also forms a complex hydr.de Li[AIH 4 ], called lithium aluminium 
hydride, which is a useful reducing agent. It is made from lithium hydride 
m dry ether solution. 

4LiH + A1C1 3 Li[AlH 4 ] + 3LiCl 

Lithium aluminium hydride is ionic, and the [AIH 4 ]” ion is tetrahedral. 
Li[AlH 4 ] is a powerful reducing agent and is widely used in organic, 
chemistry, as it reduces carbonyl compounds to alcohols. It reacts violently 
with water, so it is necessary to use absolutely dry organic solvents, for 
example ether which has been dried over sodium. Li[AlH 4 ] will also 
reduce a number of inorganic compounds. 


BCI 3 + Li[AlH 4 ] 
PC1 3 -I- Li[AIH 4 ) 
SiCl 4 + Li[AlH 4 ] 


B 2 H 6 diborane 
PH 3 phosphine 
SiH 4 silane 


Sodium tetrahydridoborate (sodium borohydride) Na[BH 4 ] is another 
hydride complex. It is ionic, comprising tetrahedral [BH 4 ] ions. It is best 
obtained by heating sodium hydride with trimethyl borate: 


4NaH 4- B(OCH 3 ) 3 


230-270 °C 


Na[BH 4 ] + 3NaOCH 3 


Other tetrahydridoborates for Group 1 and 2 metals, aluminium and 

some transition metals can be made from the s ® d, “ m ** *• *** * [* 

hydridoborates are used as reducing agents, and the alkali metal com¬ 
pounds (particularly those of Na and K) are becoming .ncreasmgly used 
as arp innrh Ipss sensitive to water than LifAlFL]. Thus NalBR*] 

VSZS * S.«* kibh.1 i« m » ** 
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GROUP 1 - THE ALKALI METALS 


have the advantage that they can be used in aqueous solutions. The others 
react with water. (See Group 13.) 

[BH 4 )‘ + 2H 2 0 —> B0 2 + 4H 2 
SOLUBILITY AND HYDRATION 

All the simple salts dissolve in water, producing ions, and consequently 
the solutions conduct electricity. Since Li* ions are small, it might be 
expected that solutions of lithium salts would conduct electricity better 
than solutions of the same concentration of sodium, potassium, rubidium 
or caesium salts. The small ions should migrate more easily towards the 
cathode, and thus conduct more than the larger ions. However, ionic 
mobility or conductivity measurements in aqueous solution (Table 9.13) 
give results in the opposite order Cs* > Rb* > K* > Na* > Li*. The 
reason for this apparent anomaly is that the ions are hydrated in solution. 
Since Li* is very small, it is heavily hydrated. This makes the radius of 
the hydrated ion large, and hence it moves only slowly. In contrast, C$* 
is the least hydrated, and the radius of the hydrated Cs* ion is smaller 
than the radius of hydrated Li*, and hence hydrated Cs* moves faster, 
and conducts electricity more readily. 


Table 9.13 Ionic mobilities and hydration 



Ionic 

radius 

(A) 

Ionic 
mobility 
at infinite 
dilution 

Approx, radius 
hydrated ion 

(A) 

Approx. 

hydration 

number 

Hydration terms 

A H° 

A5° 

(kJ mol -1 ) 

A G° 

Li* 

0.76 

33.5 

3.40 

25.3 

-544 

-134 

-506 

Na* 

1.02 

43.5 

2.76 

16.6 

-435 

-100 

-406 

K* 

1.38 

64.5 

2.32 

10.5 

-352 

-67 

-330 

Rb* 

1.52 

67.5 

2.28 

10.0 

-326 

-54 

-310 

Cs* 

1.67 

68.0 

2.28 

9.9 

-293 

-50 

-276 


The hydration number is the average number of water molecules associated with 
the metal ion. The values need not be whole numbers, and are obtained by 
measuring the transference of water in a conductivity cell. 


Some water molecules touch the metal ion and bond to it, forming a 
complex. These water molecules constitute the primary shell of water. 
Thus Li* is tetrahedrally surrounded by four water molecules. This may 
be explained by the oxygen atoms of the four water molecules using a lone 
pair to form a coordinate bond to the metal ion. With four electron pairs 
in the valence shell the VSEPR theory predicts a tetrahedral structure 
Alternatively, using valence bond theory, the 2s orbital and the three 2p 
orbitals form four sp y hybrid orbitals which are filled by the lone pairs 
from the oxygen atoms. 
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Electronic structure ol 
lithium atom 

Electronic structure of 
Li ion 

Electronic structure of 
Li' ion with four water 
molecules bonded, using 
a lone pair on oxygen 
to form a coordinate bond 



four electron pairs - 

tetrahedral 

(sp 3 hybridization) 


With the heavier ions, particularly Rb’ and Cs’. the number of water 
molecules increases to six VSFPR th^ r „ •• . nocr 01 waier 

Vaipnra ‘ ” l " eor y predicts an octahedral structure 

Valence bond theory also indicates an ftriaKodr 1 
nrhirai thr»~ „ ^ " Cale d n octahedral arrangement using one s 

orbital, three p orbitals and two d orbitals for bonding. 


Electronic structure of 
potassium atom in the 
ground state 

Electronic structure of 
K* ion 


Electronic structure of 
K * bonded to six 
molecules of water 


full 

inner 

shell 




six orbitals - octahedral 
(d 2 sp 3 hybridization) 


A secondary layer of water molecules further hydrates the ions, though 
these are only held by weak ion-dipole attractive forces. The strength of 
such forces is inversely proportional to the distance, that is to the size of 
the metal ion. Thus the secondary hydration decreases from lithium to 
caesium, and accounts for Li* being the most heavily hydrated. 


Note that the d orbitals comprise a group of three (called * 2 g orbitals), 
and a group of two (called e g orbitals). Only the group of two is used 

for bonding. 

The size of the hydrated ions is an important factor affecting the passage 
of these ions through cell walls. It also explains their behaviour on cation- 
exchange columns, where hydrated Li* ions are attached less strongly, and 


hence eluted first. ^ . . , 

The decrease in hydration from Li’ to Cs + is also shown in the crystal¬ 
line salts, for nearly all lithium salts are hydrated common^ as tnhy- 
drates. In these hydrated Li salts Li* is coordinated to 6H 2 0, and the 
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octahedra share faces, forming chains. Many sodium sahs are hydrated 
e.g. Na 2 C0 3 • 10H 2 O, Na 2 CO ? • 7H z O and Na 2 C0 3 • H 2 0. Few potassium 
salts and no rubidium or caesium salts are hydrated. 

The simple salts are all soluble in water, and so in qualitative analv ' 
these metals need to be precipitated as less common salts. Thus Na^ 
precipitated by adding zinc (or copper) uranyl acetate solution and nr^ 
cipitating NaZn(U0 2 )(Ac)» • H 2 0 sodium zinc uranyl acetate K* •' 
precipitated by adding a solution of sodium cobaltinitrite and precipitatin' 5 
potassium cobaltinitrite K 3 [Co(N0 2 ) 6 ] or by adding perchloric acid and 
prectp.tat.ng potass.um perchlorate KC!0 4 . Group 1 metals can he a 
ttmated gravtmetncally, sodium as the uranylacetate, and potassmm 
rubidium and caesium as tetraphenylborates. However, modern instm’ 
mental methods such as flame photometry and atomic absorption spec 

trometry are much quicker and easier to use and are now used in nre 
ference to gravimetric analysis. S d pre ‘ 

K* + Na 3 [Co(N0 2 ) 6 ] - Na + + K 3 (Co(N0 2 ) 6 ] potassium cobaltinitrite 
K + NaClO. Na + + KCI0 4 potassium perchlorate 
K + Na(B(C 6 H 5 ) 4 ] Na + + K[B(C 6 H 5 ) 4 ] potassium 

tetraphenylborate 
quantitative precipitate 

KfBfC H $ iT' Uble i t ,S K l I a, *i Ce Cnergy is « rea,er ‘han the hydration enerttv 
kId(C6H 3 ) 4 ] is insoluble because the hvdrarinn • energy. 

result of the large size of its ions. * gy ' S Very smal1 as a 

The solubility of most of the salts of Group 1 element, in u, a . a 

on descending the group. For a substance to di»olve the " a,Cr decrease * 
when the ions are hydrated fhvdratinn a,ssolve the energy evolved 

energy required to break the crystal lattice mUSt ** lareer ,han lhe 
«* >011. i insoluble, « 

St«, in lhe t.o cycles shorn, in Fi,2e 9 4 w sh „!ln 

energy AG values. In particular, the lattice “ USe G,bbs free 

term, and we should use AG° the standard t ^ 1S 30 ent ^ a 'Py 

the crystalline salt into gaseous ions an infini/ !r energy f ° r converting 

the two terms differ only by a smal te™t"* e h d,S,ance apart - However, 

y oy small term for the entropy of vaporization 

T^9.14 Hydration and lattice energy value. for Group , halj(Jes ^ ^ 


Free energy 
of hydration 
AG° 

(kJmor 1 ) 


Li"*’ 

Na"*" 

K+ 

Rb* 

Cs* 


MF, 

MCI 

MBr 

MI 

-1035 

-908 

-803 

-770 

-720 

-845 

-770 

-703 

-674 

-644 

-800 

-736 

-674 

-653 

-623 

-740 

-690 

-636 

-515 

-590 
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Lattice energy 


Energy 

(a) 


i 




Hydration energy 

- Mfhydratad) 

+ X(hydrMd) 


Energy 


i 


Wo) + X^g) 


Lattice energy 


Hydration energy 


M(hy*a*d) 

+ XjhydraMd) 


j (b)-MX loy ml) 

Figure 9.4 Solubility related to lattice energy 
dissolves, (b) the solid is insoluble. 


and hydration energy, (a) The solid. 


ci ihc to. I. ibould i. principle be P«f »* “ ££ 

lattice energies and hydration *" cr S“j • £ the data are not known very 

predicting solubilities because the v ^ di{ference between two large 
accurately, and the result depends on 

values. , . nmiin 1 metals decreases on 

The reason why the solubility o m on | y changes slightly, but 

descending the group is that the at ice more. For example, the 

.be free L.f, cl hpdrn.ien ch»i« is 6 7 Umo|-', »d 

difference in lattice energy betwe a|M j £+ xs 761 cJmol . Thus 

yet the difference in A(/(hydration) tor 

KQ is less soluble than NaCl. exceptional in that their 

The Group 1 fluorides and carbonate rQU rea son for this 

solubilities increase rapidly on descending hydration energies on 

is that their lattice energies change mo ds on electrostatic attrac- 

descending the group.The lattice energy - c Stance between the ions, 
tion between ions, and is proportion* that the lattice energy wi 

that is proportional to l/(r+ + 0- " folIoWS 
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Table 9.15 Solubilities of Group 1 halides 


Solubility 

(Molar value first, g/lOOjjHjO given in brackets) 


0.1 (0.27) 
1.0 (4.22) 
15.9 (92.3) 

12.5 (130.6) 
24.2 (367.0) 


MCI 

19.6 (830) 
6.2 (36) 
4.8 (34.7) 
7.5 (91) 
11.0(186) 


MBr 

20.4 (177) 
8.8 (91) 

7.6 (67) 

6.7 (110) 
5.1 (108) 


8 8 (165) 
11.9(179) 
8.7 (144) 
7-2 (152) 
3.0 (79) 


vary most when r~ is small, that is with F“, and will vary least when r* k 

arge (with I ). The weight of solute dissolving does not provide a very 

useful comparison of the solubilities, because the molecular weights difc 

fe The easiest way to compare the number of ions is to compa e the 
solubilities as molar quantities. p re the 

SOLUTIONS OF METALS IN LIQUID AMMONIA 

'"XTJ™ ° f impurities or catalysts such as Fe, the alkali metals react 
with liquid ammonia to form a metal amide and hydrogen. 

M + NH 3 —. MNH 2 + JH 2 

sTmJt'’ th ? o, T 1 *“*■ -». 

elements Eu and Yh ^ ? d Ba ,n Grou P 2 and ‘he lanthanide 

ammo" a Tl, e 1^.’ d Tl d ‘ rCC ' ly ,n ver > high concentration in liquid 

cotour^and the°main^s^des presemare'’“l* 1 T 0 ™* *** Wue in 

electrons. If the blue Sfo„ k X a * mCtal ions and solva,ed 
tn.il i, disappears owing , 0 the 

Tabic 9,16 Solubilities in liquid ammonia 


Element 


Solubility 

(g metal/100 g NH 3 ) 
-33.4 *C 0°C 


10.9 

25.1 

47.1 


11.3 

23.0 

48.5 


N °‘« h !' ~ 33 4 C is ‘he boiling poi„, 
of liquid ammonia at one atmosphere 
pressure. The 0*C data were measured 
under pressure. 
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trations above 3M, solutions 

metallic lustre because metal • M re l copper “ bronze coloured and have a 
These solutions of mSs in ™ formed - 

than any salt in any liquid and a "J mo . ma c °nduct electricity better 
metals (specific conductivity of “ ? imilar to that of purc 

10 4 ohm -1 ; K/NH, = 0 .45 x \ 0 * h -.5° hm • Na/NH > = 0.5 x 
the presence of solvated electrons ° m Condu ction is due mainly to 
The metals are also soluble in 

in organic and inorganic syntheses TW," eSand,hese solu,ions are used 
ammonia act as powerful reducino * , solutions of metals in liquid 

15 ,„d ,6. for L„, ; “? »• 

will even reduce an aromatic ring ' lna,10n com P ,exe s. and they 

These reductions can be carrier! .• 
because the alkali metals are stronger T' d ammon,a - but not in wa,er - 
and so will react with water and li^ra. ^T 8 agentS ,han ‘ S hydrogen> 
lo, *»,« lime in liqnid .“IT. 

Bi + Na/NH 3 —► Na 3 Bi (Bi reduced from oxidation state 0 to -III) 
S + Na/NH} -*« Na 2 S (S reduced from oxidation state 0 to -II) 
[Ni(CN) 4 ] + 2e —► [Ni(CN) 4 ] 4 ~ (Ni reduced from +11 to 0) 


COMPOUNDS WITH CARBON 

If lithium is heated with carbon, an ionic carbide Li 2 C 2 is formed. The 
other metals do not react with carbon directly, but do form similar carbides 
when heated with ethyne (formerly called acetylene), or when ethyne is 
passed through a solution of the metal in liquid ammonia. 

2Li + 2C — Li 2 C 2 
Na + C 2 H 2 -> NaHC 2 — Na 2 C 2 

These compounds contain the carbide ion (C=C] 2_ or hydridocarbide ion 
[C=C—H]“. The most important reaction of carbides is with water, when 
they give ethyne (acetylene). Thus they are termed acetylides. 

Na 2 C 2 4- 2H 2 0 - 2NaOH + C 2 H 2 

LiC 2 H is used in the industrial manufacture of vitamin A. 

The metals potassium, rubidium and caesium react with graphite by 
invading the space between the layers of carbon in the graphite lattice. 
They form highly coloured interstitial carbides that are nonstoichiometric, 
(that is of variable composition), ranging from C^K (grey), to Cy,K 
(blue), to a maximum invasion corresponding to C«K (bronze). (See 

Chapter 12.) 


ORGANIC AND ORGANOMETALLIC COMPOUNDS 

The alkali metals replace hydrogen in organic acids, forming salts such as 
sodium acetate (sodium ethanoate) CH,COONa and potassium benzoate 
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C 6 HjCOOK. Soap is a mixture of the sodium salts of palmitic, oleic 
stearic acids. (Palmitic acid C 15 H 31 -COOH occurs in palm oil, oleic 
C 17 H 33 • COOH occurs in olive oil and stearic acid C 17 H 35 • COOH occ * 
in beef and mutton fat and tallow.) Soap is made by the saponificati S 
(hydrolysis) of naturally occurring fats and oils. These fats and oils ° n 
esters of glycerol, and their hydrolysis with NaOH first breaks the esteno 
glycerol and fatty acids, neutralizing the fatty acid to give the sodium salts 
i.e. the soap. World production of soap was 7.4 million tonnes in I 99 i ’ 

CHj-O-OCCijHj, CH 2 OH 

I I 

CH • O • OC • C, 5 H 31 + 3NaOH - CH OH + 3 C I 5 H 3 , * COOH 

CH 2 • O • OC • C 15 H 3 , CH 2 • OH 

glyceryl tripalmitate glycerol palmitic acid 

(palm oil) 

C 15 H 3 , COOH + NaOH -> C ]5 H 3] • COONa + H 2 0 

Lithium stearate is also a 'soap*, and is made from LiOH and some natural 
fat such as tallow. It is widely used to thicken hydrocarbon oils used as 
lubricants (the so-called detergent oils), and it is also used to make greases 
for motor vehicles. 

Lithium shows a stronger tendency to covalency than the other alkali 
metals. Lithium also shows a diagonal relationship with magnesium. 
Magnesium forms a number of alkyl and aryl compounds called Grignard 
compounds which are very important in making organometallic com¬ 
pounds. It is not surprising that lithium also forms a number of covalent 
alkyls and aryls which are of great importance in the preparation of 
organometallic compounds. For example, (LiCH 3)4 is typical of a range of 
compounds: it is covalent, soluble in organic solvents, and can be sublimed 
or distilled. These compounds are frequently tetrameric or hexameric. 
They are made from the alkyl or aryl halide, usually the chloride, in a 
solvent such as light petroleum, cyclohexane, toluene or ether. 

RC1 + Li -► LiR -l- LiCl 

The structure of the (LiCH 3) 4 cluster is unusual. The four Li atoms occupy 
the corners of a tetrahedron. Each methyl C atom is above a face of the 
tetrahedron, and forms a triple bridge to the three Li atoms that make 
up the face of the tetrahedron. The intramolecular Li-C distance is 
2.31 A. The C is bonded to the three H atoms in the methyl group. The 
C is also bonded to a Li atom in another tetrahedron (with an intermole- 
cular Li-C distance of 2.36 A). The coordination number for the C atom 
is therefore 7. This cannot be explained by classical bonding theories as 
the C atom has only one s and three p orbitals available for bonding. The 
simplest explanation involves a four-centre two-electron bond covering 
the three Li atoms at the comers of a face, and the C atom above it. In a 
similar way the coordination number of Li is also 7, made up by three Li 
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in the tetrahedron three C at the centres of faces of the tetrahedron, and 
one Li in another tetrahedron. 

° Uihium ethyl is tetrameric in the solid (LiEt) 4 . but is hexameric (LiEt)„ 
when dissolved in hydrocarbons. The solid is similar in structure to 
(UCHOj. antl ,he hexamer is thought to comprise an octahedron of Li 
atoms with Et groups above s.x of the eight faces, involving multi-centre 

bonding. 

n-Butyl lithium is also tetrameric in the solid (LiBu) 4 . It is commercially 
available. Production is about 1000 tonnes/year. The main uses are as a 
polymerization catalyst and for alkylation. It is a very versatile reagent in 
the laboratory for the synthesis of aromatic derivatives and unsaturated 
derivatives such as vinyl and ally! lithium. Many of these reactions are 
similar to tho^ using Grignard reagents. 

LiBu + Arl — LiAr + Bui (Bu = butyl, Ar = aryl) 
4LiAr + Sn(CH=CH) 4 — 4LiCH=CH 2 + Sn(Ar) 4 

From these an extremely wide range of organometallic and organic com¬ 
pounds can be prepared. 


(R = alkyl or aryl) 
3LiR + BCI, 

— BR, . 

+ 3LiCI 

(organoboron compounds) 

4LiR + SnCL 

—► SnR 4 

+ 4LiCI 

(organotin compounds) 

3LiR + P(OEt), 

-PR, 

+ 3LiOEt 

(orga nophosphorus 
compounds) 

2LiR + Hgl 2 

-HgR 2 

+ 2Lil 

(organomercury 

compounds) 

LiR + R'l 

— R-R' 

+ Lil 

(hydrocarbon) 

LiR + H + 

— R-H 

+ Li* 

(hydrocarbon) 

UR + Cl 2 

-R-CI 

+ LiCI 

(alkyl/aryl halide) 

UR + HCONMe 2 

— RCHO 

+ LiNMe 2 

(aldehydes) 

UR + 3CO 

— R 2 CO 

-H 2LiCO 

(ketones) 

LiR + C0 2 

-♦ R • COOH + LiOH 

(carboxylic acids) 


Alkyls of Na, K, Rb and Cs are usually prepared from the corresponding 
organomercury compound. 

2K + HgR 2 — Hg + 2KR 

These compounds are ionic M*R“, and are extremely reactive. They catch 
h f e in air, react violently with most compounds except dinitrogen and 
saturated hydrocarbons, and are consequently difficult to handle. 


COMPLEXES, CROWNS AND CRYPTS 

Croup 1 metals stand out from the other groups in their weak tendency to 
t0rm complexes. This is predictable because the factors favouring complex 
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formation are small size, high cnarge, and empty orbitals of low energy i 0r 
forming the bonds, and Group 1 metal ions are very large and have a low 

charge (+1). 

A number of aqua complexes are known such as [Li(H 2 0) 4 ] + and a 
primary hydration shell of four H 2 0 molecules arranged tetrahedrally is 
found in various crystalline salts. Na* and K* also have the same primary 
hydration shell, but Rb* and Cs* coordinate six H 2 0 molecules. Stable 
complexes are formed with phosphine oxides; for example, complexes of 
formula [LiX • 4Ph 3 PO], [LiX*5Ph 3 PO] and [NaX*5Ph 3 PO] are known 
where X is a large anion such as CI0 4 ,1", N0 3 or SbF6 . There is a slight 
tendency to form ammine complexes such as [Li(NH 3 ) 4 ]I. Weak com¬ 
plexes of sulphates, peroxosulphates and thiosulphates, and also hexa- 
cyanoferrates, are known in solution. 


However, some organic chelating agents (particularly salicaldehyde and 
P-diketones) are extremely strong complexing agents, and Group 1 ions 
form complexes with these. These ligands are very strong complexing 
agents because they are multidentate, that is they have more than one 
donor group so they form more than one bond to the metal, and also 
because they form a ring or chelate compound by bonding to the metal. 
Examples include salicaldehyde, acetylacetone, benzoylacetone, methyl 
salicylate, o-nitrophenol, and o-nitrocresol. The metal usually attains a 
coordination number of 4 or 6 (see Figure 9.5). 

An important development in the chemistry of the alkali metals is the 
discovery of complexes with polyethers, and ‘cryptate complexes’ with 
macrocyclic molecules with nitrogen and oxygen. 

The crown ethers are an interesting class of complexing agents first 
synthesized by Pedersen in 1967. An example is dibenzo-18-crown-6 (see 
Figure 9.6), and the name indicates that there arc two benzene rings in the 
compound, 18 atoms make up a crown-shaped ring, and six of the ring 
atoms are oxygen. These six oxygen atoms may complex with a metal ion, 
even with large ions like Group 1 ions that are not very good at forming 
complexes. The organic part of the molecule is puckered to give the crown 
arrangement, and the oxygen atoms with their lone pairs are nearly planar 
about the metal ion at the centre of the ring. The bonding of the metal ion 
to the polyether is largely electrostatic, and a close fit between the size of the 
metal ion and the size of the hole in the centre of the polyether is essential. 
Cyclic polyethers can have varying sizes of ring; for example, benzo-12- 
rown as a ring of 12 atoms, four of which are oxygen. The polyethers 
form complexes selectively with the alkali metal ions. The size of the ring 

^ C ?u Wn dctermincs thc si * of the metal ion which may be 

, ; M U ! a Cr0Wn “ 4 (a cyc,ic posher with four oxygens) is 

h * tnort f * 1 ' 3 . prc ^ ers crown -5, and K* prefers crown-6. It is possi- 

n ! m-k mP CX ,n WUh thc unusual coordi nation number of 10, for exam¬ 

ple K (dibenzo-30-crown-10). Crown ethers form a number of crystalline 

complexes, but more importantly they are sometimes added to organic 

solvents to make them dissolve inorganic salts which, being ionic, would not 

normally dissolve. Polyethers of this type act as ion carriers inside living 
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Flfiire 9.5 Salicaldehyde and acetylacetone complexes. 

cells to transport ions across cell membranes, and thus maintain the balance 
between Na+ and K+ inside and outside cells. 

The cryptates are three-dimensional equivalents of the crown ethers, but 
contain nitrogen atoms which provide branching and act as extra donor 
sites in addition to the oxygen atoms to bond to the metal ion. They are 
called cryptates because they wrap round and hide the cation. A typical 
crypt is the molecule N[CH 2 CH20CH 2 CH 2 0CH 2 CH 2 )3N. This is called 
(cryptand-222) and forms a complex [Rb(crypt)]CNS • H 2 0 in which six 
oxygen atoms and two nitrogen atoms in the crypt molecule bond to 
the metal ion, giving the metal ion a coordination number of 8. The 
ligand completely wraps round the metal ion, hiding it: hence the name 
crypt. The complex presents a hydrocarbon exterior, and so is soluble 
in organic solvents. Such complexes are used for solvent extraction, stabil¬ 
izing uncommon oxidation states, and promoting ot erwise imp o a e 

An unusual compound [Na(cryptand-222)] Na can be formed by 


scanned Dy uamscanner 


GROUP 1 - THE ALKALI METALS 


H 2 h 2 

n 2 <j; 9 ch 3 
. .0 * o v 


H 2 Hj 


°. p 

H 2 c< c A c icH 2 
h 2 ‘ h 2 

dibenzo-18-crown-6 
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Figure 9.7 Cryptand-222 
ligand. 


RbCNS (dibenzo-18-crown-6) 
complex 

Figure 9.6 Structures of some crown ethers. 

cooling a solution of Na in ethylamine with cryptand-222. This is a 
golden-yellow, diamagnetic solid which is only stable below -10°C. The 
interesting feature is that it contains Na - , the sodide ion. Crystallographic 
studies show that the radius of Na - is about 2.3 A. Electron transfer has 
occurred between two sodium atoms, forming Na* and Na - . The large 
crypt ligand completely shields the Na* ion and prevents it recombining 
with Na - . Other alkalide compounds containing K - potasside, Rb 
rubidide and Cs" caeside ions have been made in a similar way. They are 
all yellow-brown in colour, and are less stable. 

If the reaction is carried out with an excess of cryptand, some unusual 
complexes called electrides are formed. These are black solids and are 
paramagnetic, so they contain unpaired electrons. They have formulae 
such as [Cs*(cryptand-222)] [(cryptand-222) • e - ] in which an electron is 
trapped in a hole of radius approximately 2.4 A. 

BIOLOGICAL IMPORTANCE 

Living organisms require at least 27 elements, of which 15 are metals. 
Metals required in major quantities are K, Mg, Na and Ca. Minor quan¬ 
tities of Mn, Fe, Co, Cu, Zn and Mo, and trace amounts of V, Cr, Sn, Ni 
and Al, are required by at least some organisms. 

Bulk quantities of Group 1 and 2 metals are required, mainly to balance 
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the electrical charges associated with . . 

molecules in the cell, and also i 0m • ega,lvel V charged organic macro- 
cell, to keep it turgid and prevent its*!," ' hC ° Sm ° ,ic P ressure the 
In view of the close similaritv of eh, T*' 
it is surprising that their bioloeLl funr,” propert,es *>e‘ween Na and K. 
actively expelled from cells '°" S are ver > differ '"t. Na* are 

sometimes called a sodium pumo a „H i, • T n0t ' Th,s ,on ,rans P°rt is 
of Na* and the active Uke-up'of?♦' 7° ves both the active expulsion 
outside animal cells shows that inn na ysis of ‘he fluids inside and 

«lk the concentration^ ■»*"»' 

Na* is about 0.01 M. In bodv fluid' nJ °' k ,5h l ,he concentration of 
of K* and Na* are about 0 003 m a J n^c w d b 0bd) the concentrations 
of ions requires energy, and E S2 £ 

estimated that hydrolysis of one ATP molecule to ADP providi enolVh 

energy to move three Na* ions ou, of the cell, and two K* and one H* 

ions back in o the cell. The mechanism for ion transport involves nolv 
ethers natural to the organism. ^ olves y 

The different ratio of Na* to K* inside and outside cells produces an 
electrical potential across the cell membrane, which is essential for the 
functioning of nerve and muscle cells. The movement of glucose into cells 
is associated with Na* ions; they enter the cell together. This is favoured 
by a high concentration gradient. The Na* ions entering the cell in this 
way must then be expelled.The movement of amino acids is similar. K* 
ions inside the cell are essential for the metabolism of glucose, the syn- 
thesis of proteins, and the activation of some enzymes. 

The 1987 Nobel Prize for Chemistry was awarded to C.J. Pedersen, J.M. 

Lehn and D. Cram for their work on the discovery and applications of 
crown ethers and cryptates. 
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DIFFERENCES BETWEEN LITHIUM AND THE OTHER 
GROUP 1 ELEMENTS 


The properties of lithium and its compounds differ far more from those of 
the other Group 1 elements than the other Group 1 elements and com¬ 
pounds differ among themselves. Apart from having the same oxidation 
number as the rest of Group 1, lithium compounds may show closer 
similarities with Group 2 element? (particularly magnesium) than they 
show towards their own group. Some of the differences are set out below. 


1 . 

2 . 

3. 

4. 


. melting and boiling points of lithium metal are much higher than 

se for the other Group 1 elements. 

lium is much harder than the other Group met . 

lium reacts the least readily with oxygen forming the normal 

le. It forms a peroxide only with great difficulty, and the higher 

les are unstable. hydroxides in the group. 

““■» LI,CO„ UNO. and 

therefore many of its sans die 


^L-aiiiicu uy wai i tooai n 101 
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LiOH all form the oxide on gentle heating, though the analogous 
compounds of the rest of the group are stable. Another example of the 
less basic nature is that though lithium forms a bicarbonate in solution, 
it does not form a solid bicarbonate, whereas the others all form stable 
solid bicarbonates. 

5. Lithium forms a nitride Li 3 N. None of the other Group 1 elements 
forms a nitride* but Group 2 elements form nitrides. 

6. Lithium reacts directly with carbon to form an ionic carbide. None of 
the other Group 1 elements do this* but Group 2 elements all react 
similarly with carbon. 

7. Lithium has a greater tendency to form complexes than have the 
heavier elements* and ammoniated salts such as [Li(NH 3 ) 4 ]I exist as 
solids. 

8. Li 2 C0 3 , Li 3 P0 4 and LiF are all insoluble in water* and LiOH is only 
sparingly soluble. The rest of Group 1 form soluble compounds, but 
the corresponding magnesium salts are insoluble or sparingly soluble. 

9. The halides and alkyls of lithium are far more covalent than the 
corresponding sodium compounds* and because of this covalency they 
are soluble in organic solvents. Similarly* lithium perchlorate and to a 
lesser extent sodium perchlorate resemble magnesium perchlorate in 
their high solubility in acetone (propanone). 

10. The lithium ion itself, and also its compounds* are more heavily 
hydrated than those of the rest of the group. 


Several generalizations may be drawn from this apparently anomalous 
behaviour of lithium. 

The first element in each of the main groups (Li, Be* B* C. N, O and F) 
differs from the rest of the group. This is partly because the first element is 
much smaller than the subsequent elements, and consequently it is more 
likely to form covalent compounds (Fajans' rules) and complexes. 

The first element in a group can form a maximum of four conventional 
electron pair bonds. This is because the outer shell of electrons contains 
only one s orbital and three p orbitals. The subsequent elements can use d 
orbitals for bonding: they can attain a coordination number of 6, by using 
one 5, three p and two d orbitals. For this reason the coordination number 
attained by a complex or a covalent compound of the first element in a 
group is commonly 4, and for the subsequent elements the coordination 
num r is commonly 6. This simple concept is based on a bond consisting 

of two electrons shared between two atoms. Exceptions occur when multi- 
centre bonds are formed (as in Li 4 (CH,) 4 ). 

The similarity between lithium (the first member of Group 1) and 
S* (the * ec ° nd e,ement in Group 2) is called a diagonal rela- 

Se a Id P A? R° n H ^ e,atl °: shipS a,so between other pairs of elements 
Be and AI* B and Si as shown: 


Li Be B C 

\ \ \ 

Na Mg AI Si 
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The diagonal relationship arises be™, 

charge. On descending a group the °' th f effec,s of bo,h s 'ze and 
mov.ng from left to right in the periodic ,Tw an< !. ,0nS increasc in size - 
moving diagonally, the size remains near h * S ' 2e decreases - Thus on 
is smaller than sodium, and magnesium ;c ^ Same For example, lithium 
hence lithium and magnesium are similar in * ” S ~ aller than sodium - and 
and Mg 2 * = 0.72 A are close and ™ ^ 71,6 sizes °f Li* = 0.76 A 

their behaviour should be similar. Sltua,,ons where size is important 
Beryllium and aluminium also show a a: 
the sizes are not so close (Be 2 * = n as s ® 80 " 3 r< j la,i °nship. In this case 
charge per unit area is similar (Be 2 * 1*“ nd *,\T °-53SA), but the 
charges are 2+ and 3+ respectively Al 2 50) because 


Charge per unit area = - (‘°nic charge). 

v a (ionic radius ) 2 

It is sometimes suggested that the diagonal relationship - 

of a diagonal similarity in electronegativhy values P ^ 


Li Be B C 
1 0 1.5 2.0 2.5 

\ \ \ 

Na Mg Al Si 

0.9 1.2 1.5 1.8 

Since ionic size and electronegativity are closely related, this is part of the 
same picture. 
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PROBLEMS 

1. Why are Group 1 elements: 

(a) univalent 

(b) largely ionic 

(c) strong reducing agents 

(d) poor complexing agents? 

(e) Why do they have the lowest first ionization energy values in their 
periods? 

2. Why are the Group 1 metals soft, low melting and of low density? 
(Refer back to Chapter 5.) 

3. Lithium is the smallest ion in Group 1. It would therefore be expected 
to have the highest ionic mobility, and hence solutions of its salts 
would be expected to have a higher conductivity than solutions of 
caesium salts. Explain why this is not so. 

4. What is the reason for lithium having a greater tendency to form 
covalent compounds than the other elements in the group? 

5. The atomic radius for lithium is 1.23 A. When the outermost 2 s 
electron is ionized off, the ionic radius of Li + is 0.76 A. Assuming that 
the difference in radii relates to the space occupied by the 2s electron, 
calculate what percentage of the volume of the lithium atom is 
occupied by the single valence electron. Is this assumption fair? 
(Volume of a sphere is $-nr\) (Answer 76.4%.) 

6. Why and in what ways does lithium resemble magnesium? 

7. What products are formed when each of the Group 1 metals is burnt in 
dioxygen. How do these products react with water? Use the molecular 
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orbital theory to describe th* 

and potassium. S ructurc of th « oxides formed by sodium 

8. Explain the difference in reactivity of the r , 

9. The ionization energies of G , me,a ' S ^ ^ 

should be the most reactive hUP 1 clemen,s su g«est that caesium 
suggest that lithium is the’ Jt. s,andard electrode potentials 
observations. most reactlve - Reconcile these two 

10 ' “b^rperS onT Mride ° iVe I-*- 

contains the isoelectronic ions Li* U™ h $" d ''• Th ? com P ound 
and why? nd " • Which ion is the larger 

11. Give equations to show the reartmnc k- 

w » n, H, °' 

l2 ' <°™ *t «**. ita, 

some insoluble or spanngly soluble compounds. How are these 

elements detected and confirmed in qualitative analysis? 

13. Describe the colour and nature of the solutions of Group 1 metals 

in liquid ammonia. Give an equation to show how these solutions 
decompose. 

14. Draw the crystal structures of NaCl and CsCl.What is the coordination 
number of the metal ion in each case? Explain why these two salts 
adopt different structures. 

15. Do the alkali metals form many complexes? Which of the metal ions 
in the group are best at forming complexes? Which are the best 
complexing agents? 

16. Draw the complexes formed by Li + , Na* and K* with acetyl acetone 
and with salicaldehyde. Why do the coordination numbers differ? 

17. What is a crown etner, and what is a crypt? Draw examples of Group 1 
complexes with these molecules. In what way is this type of complex 
of biological importance? 

18. Which of the following methods would you use to extinguish a fire of 
lithium, sodium or potassium metals? Explain why some of these are 
unsuitable, and give the reactions involved. 

(a) water 

(b) dinitrogen 

(c) carbon dioxide 

(d) asbestos blanket 

19. The four general methods of extracting metals are thermal decom¬ 
position. displacement of one element by another, chemical natation, 
and electrolytic reduction. How are Group 1 metals obtained and why 
are the other methods unsuitable? 
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20. 0.347 g of a metal (A) was dissolved in dilute HN0 3 . This solution 
gave a red coloration to a non-luminous Bunsen burner flame, and on 
evaporation gave 0.747g of metal oxide (B). (A) also reacted with 
dinitrogen, forming a compound (C), and with hydrogen, forming 
(D). On reacting 0.1590g of (D) with water, a gas (E) was evolved 
and a sparingly soluble compound (F) formed, which gave a strongly 
basic reaction and required 200 ml of 0.1000M hydrochloric acid to 
neutralize it. Identify the substances (A) to (F) and explain the 
reactions involved. 
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srrr r main r ica,s: 

ssnssr-- cai,ed soda ash >- a " «“* cLtr^z 

NaOH and Cl 2 are produced simultaneously by the electrolysis of 

dustZand ri' 0 " °! Na ° H " ,he "«* im ^ant alluhS in in 
Jrh^n.t d C 2 ?*? an ^ XtremeI y * m P or tant industrial chemical. Sodium 

carbonate is included with the other two chemicals for two reasons - first 

because in many applications such as making paper, soap and detergents it 
can be used interchangeably with sodium hydroxide, and second because 
Na 2 LO, can quite easily be converted into NaOH (or vice versa) using 
the lime-caustic soda process. In this process, the reaction is reversible, 
and depending on the relative demands and cost of sodium carbonate and 
sodium hydroxide it may be used in either direction. Before 1955 Na 2 C0 3 
was used very extensively for water softening as it prevented the formation 
of scum when using soap in hard water. Soap is discussed under 'Organic 
and organometallic compounds* in Chapter 9; and hard water is discussed 
in Chapter 11 . Thus before 1955 it was economic to make Na 2 C0 3 from 
NaOH. More recently the use of soap has declined as detergents have 
become more widely used, and with this the demand for Na 2 C0 3 has 
declined. Nowadays the reverse reaction is carried out on a limited scale, 
converting Na 2 C0 3 to NaOH. 

Na 2 C0 3 + Ca(OH ) 2 ^ CaCO, + 2 NaOH 


All three chemicals are classed as ‘heavy inorganic chemicals because of 
the very large tonnages involved. A list of the chemicals produced in the 
largest quantities is shown in Table 10.1. 


LEBLANC PROCESS 

C.w. Scheele discovered chlorine in 1774 by oxidizing hydrochloric acid 
with manganese dioxide. 

4HCI + MnO : — 2CI 2 + Mn 2 * + 2H 2 0 


10 
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Table 10.1 Some figures for tonnes of ‘heavy chemicals’ 
produced in 1991. 1992, 1993 and 1994 


Chemical 

Millions of tonnes 

World 

USA 

UK 

1 . h 2 so 4 

145.5” 

42.3” 

1.7 b 

2. CaO 

127.9 C 

18.4 C 

2 . 5 ” 

3. NH 3 

mo” 

17.3 C 

1 . 2 " 

4. 0 2 

( 100 )” 

23.3 C 

2.5" 

5. NH 4 NO 3 

(75)” 

8.4 C 

— 

6 . N 2 

(60)” 

32.6 C 

— 

7. ethene 

47.5“ 

20 . 6 C 

1 . 8 “ 

8 . NaOH 

38.7* 1 

12.9* 


9. Cl 2 

35.3 d 

12 . 0 s 

0 . 88 “ 

10 . Na 2 CO, 

31.5 C 

9.9" 


11 . propylene 

25.9“ 

11 . 2 " 

0.79“ 

12 . HNOj 

24.7“ 

8.5" 


13. methanol 

20 . 0 " 

5.3" 

0.40“ 

14. benzene 

20.4* 

6 . 2 " 

0.91“ 

15. H 3 PO 4 

20.3“ 

11 . 5 ” 


16. ethanol 

15.8” 

0 . 9 ” 

0.24 b 

17. vinyl chloride 

14.9“ 

6.9" 

0.16“ 

18. HCI 

12.3“ 

3.2" 

0.15“ 


* 1991 value; b 1992 value; c 1993 value; d 1994 value. 


He also described the bleaching properties of chlorine, and these even¬ 
tually led to demand for both chlorine and sodium hydroxide on an in¬ 
dustrial scale for use in the textiles industry. At that time there was no 
chemical industry, so people had to make their own chemicals. The first 
pro lem was to make the HCI. This was produced by the Leblanc process, 
ihough the process is now obsolete, it warrants description because it was 
the first large scale industrial process in Europe; it lasted for most of the 
nineteenth century, and it illustrates the need to consider what raw ma- 
eria s are needed, how they can be obtained, and the commercial need to 
sell everything produced. (At this time Europe led the world industrially, 
and the process was imported into the USA from Europe.) 

NaCI + concentrated H 2 S0 4 ^ NaHS0 4 + HCI 

NaHS0 4 + NaCI Na 2 S0 4 + HCI 
The HCI was then oxidized to give Cl 2 . 

HCI + Mn0 2 -*> Cl 2 + Mn : * 

w^riLj 32 ^^ 4 W3S ' USCd Cither t0 make glass ‘ or lo make Na 2 CO* and 


Na 2 S0 4 + C + CaC0 3 —► Na 2 C0 3 + CaS0 4 
Na 2 C0 3 + Ca(OH) 2 —► 2NaOH -t- CaCO, 
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In this process, the chemicals u s d 

lhc products are NaOH and Cl, (L d T ” 2SO «- NaCI - CaCO, and C. and 
materials were obtained: ' lesser e *tcnt Na 2 SQ 4 ). The raw 


* or + O-, 


NaCI - m j S() '~> ll 2 SO, 

mined or cxirarto/i , . 1 

Caf'O 3S brmC SOlu,io " 

CUl - as limestone 


CaCO^CaO^Ca(OH) z 

In 1874 world production of NaOH was s?snnn . 
was produced by the Leblanc process p a - tonnes - of which 94% 
to 1800000 tonnes by 1902, but by then onlvT ° f Na ° H had risen 
Ublanc process. The Leblanc process became It T* P roduced b V 'he 
methods were found. It was replaced in turn by th“ WelSnT 
Deacon process, and eventually by electrolysis* W d pr0CeSS ’ thc 


WELDON AND DEACON PROCESSES 

The Leblanc process used MnO ? to oxidize the Hn ^ 4-. * 

zszz™- — 

In the Deacon process (1868). air was used to oxidize the HC 1 instead 
of using Mn0 2 . A gas phase reaction was performed between HCI and 
air on the surface of bricks soaked in a solution of CuCI 2 , which acted as 
a catalyst. The reaction is reversible, and a conversion of about 65% is 
possible. 

4HCI + 0 2 - CuC1; C '“'‘' yn 2CI 2 4- 2H 2 0 + heat 

440 *C 


Nowadays about 90% of the world supply of chlorine comes from the 
electrolysis of an aqueous solution of sodium chloride (brine). Most of 
the remainder is produced by the electrolysis of molten NaCI in the pro¬ 
duction of sodipm metal, electrolysis of aqueous KCI in the production of 
KQH, and electrolysis of molten MgCI 2 in the extraction of magnesium 
metal. H owev er» a small amount is made by the oxidation of HCI with 
air, ip a slightly modified Deacon process. This started in 1960, and uses 
a didymium promoted catalyst of Dft . 2 03 and CgCI 2 at a slightly lower 
temperature of 400°C. (Didymium is an old name and means ‘twin . It was 
once thought to be an element, but was later resolved into two lanthanide 
elements, praseodymium and neodymium. The catalyst is a finely powdered 
mixture of solids which flows like a liquid, and this is termed a fluidized 

bed.) 


ELECTROLYTIC processes 

Electrolysis of brine was first described in 1800 by Cruickshank. but it was 
not until 1834 that Faraday put forward the Laws of Electrons. At that 
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time electrolysis was strictly limited because primary batteries were the 
only source of electricity. This chanced in 1872 when Gramme invented 
the dynamo. The first commercial electrolytic plant was started in Frank¬ 
furt (Germany) in 1891, where the cell was filled, electrolysed, emptied 
then refilled. . .and so on. This was therefore a discontinuous or batch 
process. Clearly a cell which could run continuously, and did not need 
emptying, would produce more and cost less to operate. Many develop- 
ments and patents attempting to exploit the commercial possibilities ap¬ 
peared over the next twenty years. The first commercially operated plant 
to use a continuous diaphragm cell was probably that designed by Le Seur 
at Romford (Maine) in 1893, followed by Castner cells at Saltviile (Vir¬ 
ginia, USA) in 1896. The first in the UK was set up by Hargreaves and 
Bird in 1897 at Runcorn. In all of these (and also in many modern dia¬ 
phragm cells), asbestos was used as the diaphragm to separate the anode 
and cathode compartments. Brine was constantly added, and NaOH and 
Cl 2 were produced continuously. 

About the same time. Castner (who was an American working in Birm¬ 
ingham, England) and Kellner (an Austrian working in Vienna) developed 
and patented similar versions of the mercury cathode cell in 1897. Their 
combined patents were used by the Castner Kellner Alkali Company, also 
at Runcorn, and also in 1897. 

The same two types of cell, diaphragm and mcrcurv cathode, still re¬ 
main in use. The early electrolytic plants produced about 2 tonnes of 
chlorine per day, but modern plants produce 1000 tonnes per day. 

In the electrolysis of brine, reactions occur at both the anode and the 
cathode. 


Cathode: | Na * + e Na 

l2Na + 2H,0 2NaOH + H, 


Side reactions may also occur if the products mix: 


2NaOH + Cl 2 -» NaCI + NaOCI + H,0 
or 2 °H' + Cl, - 20Cr + H, 

hypochlornc 

and also another reaction may occur to a small extent at the anode: 

40H' — 0 : + 2H,Q + 4e 


DIAPHRAGM CELL 


A porous diaphragm of asbestos is used to keen the u i r-i , „ 

duced a, the electrodes) separated from £es 

m.x they react, and the reaction may he explosive. In daylight (and more 
so in sunlight) a photoly.ic reaction takes place which produces chlorine 
atoms. These lead to an explosive chain reaction with hydrogi 


ten. 
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mercury cathode 


CELL 


Chlorine out 


Brine in 


Carbon 

anode 


Asbestos 

diaphragm 


Figure 10.1 A diaphragm cell. 
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cathode 

"*■ Sodium hydroxide out 



The diaphragm also separates the anode anH a 
This reduces the chance that NaOH nmH a nd C3lhode compartments. 

can mix and react w th a' producldln^h ,h V a,hodecom P a « me "‘ 
reduces the chance of the side reacdon n^H “ 0de C ° m P artment - This 
NaOCI. However, some sodium hydroJe or^-*273iJffi^ 
other compartment, and this is inhibited by maintaining the Lvel o elec- 
trolyte higher m the anode compartment than in the cathode compartment 
so there ,s a small positive flow from the anode to the cathode compart¬ 
ment. Traces of dioxvgen are produced in a side reaction. This reacts with 
lh lf arbon e ' ec,ro ^ es ' gradually destroying them and formine CO. 

There is considerable interest in using thin synthetic plastic membranes 
for the diaphragm instead of asbestos. These membranes are made of a 
polymer called nafion, supported on a teflon mesh. (Nation is a copoly¬ 
mer of tetrafluoroethyiene and a perfluorosulphonylethoxy ether.) Plastic 
membranes have a lower resistance than asbestos. 


Less than half the NaCI is converted to NaOH. and a mixture of about 
11% NaOH and 16% NaCI is usually obtained. This solution is concen¬ 
trated in a steam evaporator, when a considerable amount of NaCI cry¬ 
stallizes out. giving a final solution containing 50% NaOH and 1% NaCI. 
It is important to note that NaOH made in this way always contains some 
NaCI. This may or may not matter, depending on how the NaOH is to be 
used. For most industrial purposes, the product is sold as a solution, as 
the cost of evaporating it to give the solid exceeds the increased cost of 
transporting the solution. 


MERCURY CATHODE CELL 

During the electrolysis of brine, Na* ions migrate towards the cathode, 
and when they get there the ions are discharged. 

Na + C ► N^imeul) 

If the cathode is mac.e of mercury, the Na atoms produced dissolve in the 
mercury and form an amalgam, or loose alloy. The amalgam is pumped to 
a different compartment called the dcnuder. where water trickles over 
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lumps of graphite (here acting as an inert solid). The water and the Na in 
the amalgam react, and in this way pure NaOH at 50% strength is 
obtained. 

Na (amillgam) + H 2 0 - NaOH + \H 2 + Hg 

The clean mercury is recycled back to the electrolysis tank. Originally the 
anodes were made of graphite, but because traces of dioxygen are pro¬ 
duced in a side reaction they become pitted, owing to the formation of 
C0 2 . The anodes are now made of steel coated with titanium. Titanium is 



Mercury 


Figure 10.3 Mercury cathode cell for Cl> and NaOH 
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SODIUM CARBONATE 


very resistant to corrosion, and this not only overcomes the problem of 
pitting and forming C0 2 , but also lowers the electrical resistance. 

QUANTITIES 

In both electrolytic processes (diaphragm cell and mercury cathode cell) 
equimolar amounts of Cl and NaOH are produced. Since Cl has an atomic 
weight of 35.5, and NaOH has a molecular weight of 40, it follows that 
electrolysis yields 40 parts by weight of NaOH to 35.5 parts of Cl 2 . This 
corresponds to 1.13 tonnes of NaOH for 1 tonne of Cl 2 . In 1994 world 
production of Cl 2 was 35.3 million tonnes. 

Prior to 1965 demand for NaOH exceeded that for Cl 2 , so Cl 2 was 
cheap. Since then the position has reversed, largely due to the use of 
large amounts of Cl 2 in making plastics such as polyvinyl chloride. (World 
production of PVC was 14.9 million tonnes in 1991.) 

SODIUM CARBONATE 

World production of Na 2 C0 3 in 1993 was 31.5 million tonnes, and 49% 
of this was used in the glass industry. Smaller amounts were used to make 
various sodium phosphates and polyphosphates which are used for water 


Table 10.2 Chlorine production (million tonnes/year) 


World production 
USA 

Soviet Union 

Western Germany 

Canada 

France 

UK 

Japan 

Italy 

Spain 


35.3 

12.0 (34%) 

8 (23%) approx. 

3*5 ( 10 %) 

1.4 (4%) 

1.4 (4%) 

1.0 (3%) 

0.93 (2.6%) 

0.92 (2.6%) 

0.51 (1.4%) 


i 


Table 10.3 Major uses of chlorine 


Vinyl chloride monomer (CH 2 CHCI) 

Organic intermediates 

Chlorinated solvents , 

(C 2 HsCI approx. 40000 tonnes/year, CH 2 U • th 2 u eic.j 

Propylene oxide 

Bleaching wood pulp and paper 
Chloromethanes (CCU. CHCli etc.) 

Inorganic materials . 

(bleaching powder, sodium hypochlon e) 

Other uses 


EEC 

USA 

31% 

18% 

16% 

1 

! 

14% 

22% 

i 

8% 

5% 


11% 


• 10% 


8% 

31% 

26% 


\ 
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Table 10.4 Major uses of caustic soda 


UsSA 

Inorganic chemicals 

21% 

Organic chemicals 

17% 

Wood pulp and paper making 

14% 

Neutralizations 

12% 

Alumina production 

7 To 

Soap 

4% 

Rayon 

4Vo 

Other uses 

21% 


Table 10.5 Major uses of sodium carbonate 

USA 


Glass - bottles 34% 

Sodium phosphates 12% 

Glass - sheets and glass fibre l \ °/ 0 

Sodium silicate 5% 

Alkaline cleaners 5% 

Wood pulp and paper making 4% 

Other uses 29% 



softening (being added to various cleaning powders), and in wood pulp 
and paper making. The increased awareness of the effect of acid rain on 
plants and buildings has led to a new use for Na,CO, in treating the flue 
gases from coal- and oil-fired power stations, to remove SO- and H,S0 4 
I his use may eventually account for a large tonnage of Na-C'O, 

fmi rhi" P ^T" 8 , coun,rics <he USA (30%). the Soviet Union 
and Poland riw t ■^ eS,Cm Gcrman y < 5% >- Ja Pan (4%). Bulgaria (4%) 
the Sokav fimmo ,° ' hc Na > CO ’ ls P roduc <-‘ d synthetically bv 
a naSden^r n ;r,'^ ) pr ° C£SS ' Howcvcr - since prehistoric times 

tainedfrom dried-up lakJ^edsin Eevm '" aHCO ' 2Hi °- has been ob ' 
particularly in the iica . i „ tgypt Large amounts are now mined. 

Na^COi were us d * iqui enya ‘ In Ihe USA 9.9 million tonnes of 

made from Trona Tmn- 93 AbHU ' 6 million »°nncs/year of Na-CO, is 

(sesqui means one and a half) u^'tiiT** CallCd sodium “sqnicarbonate 
by heating. "" S ,s convcr,cd '» sodium carbonate 

2(N aj CO, NaHCOi• 2II.O)-^1. , N;l . COi + co> + 5 H , 0 

In the description of the chlor-nlk »li ,n,i,..,.. 
sodium carbonate (soda ash) can he used instead'of NafVm^'T 11 

Nil °H f " P— Ch -P a " d Pi-Uful. no, ot^SS:;.: 
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used for these purposes With rh„ • 

been a decline in the use of ^ ' ncreased of detergents, there has 
softening. Washm S soda ’ Na 2 CO r 10H 2 O for water 

THE SOLVAY (OR AMMONIA-SODA) PROCESS 

JeTetTnc omccTh aUemp ' S '° make Na * CO > more cheaply than by 
the Leblanc process, by using the overall reaction: 

2NaCI + CaCO, ^ Na 2 CO, + CaCI 2 

IJnK we‘S"h W -h JT StU<J ' ed by FrCShnd in 181 '• and *"«■' commercial 
f , , UI ut were quickly abandoned because they failed to make 

a pro . or ey encountered technical problems such as corrosion of the 
plant, contamination of the product and blocked pipes. Ernest Solvay was 
the first to operate a commercial plant successfully, in Belgium (1869). 

The process is much more complicated than the overall equation im¬ 
plies, and to make things worse the reaction is reversible and only 75% of 
the NaCI is converted. The first stage in the process is to purify saturated 
brine, and then react it with gaseous ammonia. The ammoniated brine 
is then carbonated with C0 2 , forming NaHCO,. This is insoluble in the 
brine solution because of the common ion effect and so can be filtered off, 
and on heating to 150°C it decomposes to anhydrous Na 2 CO, (called light 
soda ash in industry because it is a fluffy solid with a low packing density 
of about 0.5gem"'). Next CO : is stripped (removed) by heating the sol¬ 
ution. and the C0 2 is -reused. Then the NIT is driven off by adding alkali 
(a slurry of lime in water), and the ammonia is reused. Lime (CaO) is 
obtained by heating limestone (CaCO,), and this also provides the C0 2 
required. When lime is mixed with water it gives Ca(OH) 2 . 

NH t + ILO + C() 2 — NH 4 I ICO, 

NaCI 4- NH 4 HCO,— NaHCO, + NVI 4 CI 

2NaHCO,^—-* Na>CO, + C0 2 + H,0 

limit m „ .. f' ( 

Cn( O,-- Cut) + CO, 

11 (IK kiln 

Q,() r HjO — Ca(OH): 

:NMjO + C’a(OH); — -NM, * CaCl. + 2H..O 

Thus «. nialtnal. ..- ~ 

useful product N.. 2 rO,. -n i(Xmcrcd from solution, and the 

quircmcnt tor <■ u( I.-. so onl. |or ..lass makipg (Table 111.5). 

rest is wasted. I he larges <jsc H Nj^ N . lX C) . H , 0 . T o obtain this, the 

and this requires he.iv> a h . ~ , , |s an hvdrous Na ; CO,) is 

light os).' produced ,n the Solvav process (wnict 

recrvstalli/ed from hot waier 
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PROBLEMS 

I. What chemicals arc obtained industrially from sodium chloride ' Out- 
line the processes. * 


2. Describe in detail the industrial electrolysis of sodium chloride. Com- 
ment on the purity of the products. 

3. What ate the main uses of chlorine, sodium and caustic soda 1 Whv has 

demand for chlorine increased dramatically? ^ 

4. What is. Na 2 CO, used for? Whv h»« itc „ 

different times NaOH has been converted into^rn^ 13 !" h ° W 3 ' 
times Na 2 COj has been converted into NaOH " ^ 



Group 2 - the alkaline 
earth elements 


Table 11.1 Electronic structures 


Element 

Beryllium 
Magnesium 
Calcium 
Strontium 
Barium 
Radium 


Symbol Electronic structure 


Be 

Mg 

Ca 

Sr 

Ba 

Ra 


u-i 1 V-v’ or ! kj e J ^ 

l.t;2.r2p".V.V4r’ ™ 4 <-’ 

l.!-2v^2p'Mv ; 3p"3rf" , 4j 2 4p'’5.r or Kr 5 : 

U-2v->W.V'"4 s -4p%/"V5Ar or |Xe| 

|Rn| 7r 


INTRODUCTION 

The Group 2 elements show the same trends in properties as were ob¬ 
served with Group 1. However, beryllium stands apart from the rest of 
the group, and differs much more from them than lithium does from the 
rest of Group 1. The main reason for this is that the beryllium atom and 
Be 2 * are both extremely small, and the relative increase in size from 
Be 2 * to Mg 2 * is four times greater than the increase between Li + and 
Na*. Beryllium also shows some diagonal similarities with aluminium in 
Group 13. Beryllium and barium compounds are all very toxic. 

The elements form a well graded series of highly reactive metals, but are 
less reactive than Group 1. They are typically divalent, and generally form 
colourless ionic compounds. The oxides and hydroxides are less basic than 
those of Group 1: hence their oxosalts (carbonates, sulphates, nitrates) 
are less stable to heat. Magnesium is an important structural metal, and is 
used in large amounts (303000 tonnes in 1993). Several compounds are 
used in vast quantities: limestone (CaCO,) is used to make quicklime 
CaO (127.9 million tonnes in 1993) and cement (1396 million tonnes in 
1993). and 14.2 million tonnes of chalk are also used. Other compounds 
used on a large scale include gypsum CaS0 4 (88.2 m.lhon tonnes in 1992) 
fluorite CaF, (3.6 million tonnes in 1992). magnesite MgCO, (10.8 million 
tonnes in 1992) and barytes BaS0 4 (4.9 million tonnes in 1992). j+ 

Mg 2+ and Ca 2+ are essential elements in the human body, and Mg is 

an important constituent of chlorophyll. 
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ELECTRONIC STRUCTURE 

All Group 2 elements have two s electrons in their outer shell. Ignoring 
the filled inner orbitals, their electronic structures may be written 2s , 3s 2 , 

45 2 , 5$ 2 , 6s 2 and Is 2 . 

OCCURRENCE AND ABUNDANCE 

Beryllium is not very familiar, partly because it is not very abundant (2 ppm) 
and partly because it is difficult to extract. It is found in small quantities as 


Table 11.2 Abundance of the element in the earth s 
crust, by weight _ 



ppm 

Relative abundance 

Zc 

2.0 

51 


27640 

6 

Ca 

46600 

5 

Sr 

384 

15 

Ba 

390 

14 

Ra 

1.3 x 10' h 



the silicate minerals beryl Be 3 AI 2 Si 6 0| 8 and phenacite Be 2 Si0 4 . About 
6700 tonnes of beryl were mined in 1993, mainly in the USA (73%), 
Kazakhstan (13%) and the former Soviet Union (12%). (The gemstone 
emerald has the same formula as beryl, but also contains small amounts 
of chromium which make it green in colour.) 

Magnesium is the sixth most abundant element in the earth’s crust 
(27640ppm or 2.76%). Magnesium salts occur to about 0.13% in sea 
water. Entire mountain ranges (e.g. the Dolomites in Italy) consist of 
the mineral dolomite [MgC0 3 • CaC0 3 ]. Calcined dolomite is used as a 
refractory for lining furnaces, and dolomite is used for road making. 
There are also large deposits of magnesite MgC0 3 : 10.8 million tonnes 
were mined in 1992. The main sources are China 24%, North Korea 
15%, Turkey 11% and the Soviet Union 10%. There are also deposits of 
sulphates such as epsomite MgS0 4 • 7H 2 0 and kieserite MgS0 4 • H 2 0. 
Carnallite [KCI • MgCl 2 • 6H 2 OJ is mined as a source of potassium. Mg also 
occurs in a wide range of silicate minerals, including olivine (Mg,Fe) 2 Si0 4 , 
talc Mg 3 (OH) 2 Si 4 O, 0 , chrysotile Mg 3 (OH) 4 Si 2 Os (asbestos) and micas 
such as K + [Mg 3 (OH) 2 (AISi 3 O l0 ] _ 

Calcium is the fifth most abundant element in the earth’s crust 
(46600ppm or 4.66%), and it occurs throughout the world in many 
common minerals. There are vast sedimentary deposits of CaCOi existing 
I as whole mountain ranges of limestone, marble and chalk (the white cliffs 
I of Dover), and also as coral. These originated from the shells of marine 
life. Though limestone is typically white, in many places it is coloured 
yellow, orange or brown owing to traces of iron. There are two crystalline 
forms of CaC0 3 , calcite and aragonite. Calcitc is the more common: it' 
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extraction of the metals 


forms colourless rhombohedral , . 

.s commonly red-brown or yellow'^ ag ° nite is °«horhombic. and 
colour of the landscape of , he £ C ° l ° Ur i : and accounts for the 
keys. Limestone is commercially imnona^f 8 ’‘ he Bahamas and >he Florida 
produced on an enormous scale nEo Jnt a s a source of lime CaO. Lime is 
volume only to H 2 S0 4 . Limestone chi™; °" '° nnes in 1993 )> second in 
Fluoroapatite |3(Ca,(P 0j ),). Ca F f ® S "* als ° Used for makin g roads, 
source of phosphate. Gypsum CaSo ° mmercial| y im Portant as a 
major minerals. World production of 4 2H2 ° and anh ydrite CaS0 4 are 
1992. The major sources were the I ka^oT* 5 88 2 n,illion tonnes in 

Canada and Thailand 8% each amt c* 7/o ’ China 14% > Iran 9%. 

smaller amount of anhydrite was ^" d Spain 6% each A much 

Portland cement, plasterboard and I * d ' Gy P sum ls used in making 

in plaster is no, jus, recem ^mce m'Jhe v’l, 3 "" ‘V 8 '^ mak '"8 * <*« 

walls of the ancient burial tombs of TutanVh^ ° f ' he K ‘ ngS ln Egyp ‘ ,he 

kings were plastered with CaSO and .k hamun and ,l,ose of ,he °>her 

The White Sands ?,£. m £? engraVed WUh hlero « ly P h - 

(where the first atom , k u d m,ssile ran 8 e ,n New Mexico. USA 

m7es or P ure wh,Te L^ m d ' eS,ed) have an area of 100 »y 40 
P nd dunes composed of gypsum Fluorite CaF is 

important as the main source of fluorine. P GaF * ,s 

h.ifa^'w^i ( l 384pp "’ ) and barium (390 ppm) are much less abundant, 
but are well known because they occur as concentrated ores which are 

^ '° ® XlraCt S ' romium is mined as celestite SrS0 4 and strontianite 
brCU 3 . World production of Sr minerals was 283 100 tonnes in 1993. The 
main producers are Mexico 30%, Turkey 25%, Spain 19%, China 12% 
and Iran 11%. Ba is mined as barytes BaS0 4 . World production was 4.9 
million tonnes in 1992. It is found throughout the world and the largest 
producers are China 21%, the former Soviet Union 11%, Mexico 8%, 
India 7%, Turkey 6% and USA 6%. Radium is extremely scarce and is 
radioactive. It was first isolated by Pierre and Marie Curie by processing 
many tons of the uranium ore pitchblende. It was used for radiotherapy 
treatment of cancer at one time: other forms of radiation are now used 
(^Co, X-rays or a linear accelerator). Marie Curie was awarded the 
Nobel Prize for chemistry in 1911 for isolating and studying radium and 
polonium. 

EXTRACTION OF THE METALS 

The metals of this group are not easy to produce by chemical reduction 
because they are themselves strong reducing agents, and they react with 
carbon to form carbides. They are strongly electropositive and react with 
water, and so aqueous solutions cannot be used for displacing them with 
another metal, or for electrolytic production. Electrolysis of aqueo» nota¬ 
tions can be carried out using a mcrcuty cathode but recovery of the metal 
from the amalgam is difficult. All the metals can be obtained by electrolysis 
of the fused chloride, with sodium chloride added to lower the melting 
point! although strontium and barium tend to form a 
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In older processes BeO is extracted from beryl BejAI 2 Si 6 0| H by heat 
treatment or fusion with alkali, followed by treatment with sulphuric acid 
to give soluble BeS0 4 . Addition of NH 4 OH gives Be(OH) 2 which on 
heating gives BeO. BeO has ceramic properties, and is used in nuclear 
reactors. Alternatively beryllium is extracted from the silicate minerals 
by treatment with HF, forming the soluble complex sodium tetrafluoro- 
beryllate Na 2 [BeF 4 ], and converting this to the hydroxide and then to the 
oxide. Be itself is prepared by converting the hydroxide to BeCI 2 by heat¬ 
ing with C and Cl 2 , followed by electrolysis of the fused chloride. Alter¬ 
natively beryllium is obtained by reducing BeF 2 with magnesium. Be is 
used to make alloys with other metals. Addition of about 2% Be to Cu 
metal increases its strength by a factor of 5 or 6. An alloy of Be with Ni 
is used to make springs and electrical contacts. Be has a very low cross- 
section for neutron capture, and is used in the nuclear energy industry. 
Both Be and BeO have been used in nuclear reactors, and for this purpose 
they must be of extremely high purity. High purity material is obtained by 
making basic beryllium acetate, purifying this by distilling it under reduced 
pressure, and then either decomposing it to the oxide by heating, or con¬ 
verting it to the chloride and then reducing the chloride with Ca or Mg to 
give the metal. The absorption of electromagnetic radiation by a solid 
depen* on its electron density. Be has a very low electron density and 

itTsu^d^maSTth 8 T Cr ‘rv a " y °‘ her S ° lid ’ and for ,his reason 

ii is used to make the windows of X-ray tubes 
Magnesium is the only Group 2 metal to be produced on a large scale 

low density™*•^^^^’OTmpared'^vit^'sted* 1 ™8ITc** 3 -** >CCa, | Se of i,s 

3»i g z: Jd^x rc^T7he al, rk of,en -Wi isnr 

neodymium Nd, and traces of thoriunTTh" 1 * 165 P rase<xi y mium Pr and 

cast, machined and welded quite easilv It is "“I? ^ ,tS alloys can 
aircraft, aircraft parts and rnoto ' , U$ed *° make ,he bodies of 

added to Al to improve irX^ie e s ng, Ch S - ^ Mg ls —* 

Grignard reagents such as C 2 H,MgBr Chemical| y « « important in 

tc m pera t u r7 ™ red uccs^MgO 6 The ^ase Mg ° C *° 2000 ° C - at which 

then cooled very rapidly to deposit the ° f M ,, 8 a " d CO Was 

cooling was necessary as the reaction ' .' s <) uenc h'ng' or shock- 
Ihe reaction will come to equilibrium furtheM^ the lef^ * t0 ° led S, ° W,y 

MgO + C ^ Mg + CO 


Magnesium is now produced by hieh ir™ 

electrolysis. y 8 ,em Perature reduction, and by 

I. In the Pidgeon process Mg is produced h„ ^ • 

with ferrosilicon at 1150°C under reduced^M-m" 8 Calcined dolorili,e 


Sea 



|CaCO, • MgCO,| 



-- Ca0 • MgO ^ M „ 

2 Electrolysis may be carr.rrf Mg + CajSi °4 + Fc 

hydrated MgC,, The ■*«* 

Dow sea water process 

Sea water contains aboflt () 130 / m 1 + 

'he fact that" M rfOH?k a " d ' hC CX,rac,ion of "»*- 
Ca( 0 H )_, Slaked lime Ca(OH), is added in VCry mUCh less So,uble ,haSn 
tons dissolve and Mg(OH ) 3 is precipda. ed £*" and ,he «Wum 

HC to P roducc magnesium chloride. Ind e^roS^ Wi ' h 

Ca (OH ) 2 + MgCI, Mg(OH), + cad, 

lime prccipiiaic 

wilier 

Mg (OH), + HCI ^ MgCI, 

Dow natural brine process 

dolomit^MgO^CaC^^TMs^L'treate^^'th'ttri** S ‘ r ° n8ly) *° give ca,cined 
"ed m 8 C C 2 aCO iSiS ^ 

eteUolySj ’ ,S PreC,p ' ,a,ed - leavin g a solution of MgCI 2 which is then 
CaCI 2 • MgCI, + CaO • MgO + 2C0 2 - 2MgCI 2 + 2CaCO, 

prcapiuicd 

Ca metal is used to make alloys with A| for bearings. It is used in the 
iron and steel industry to control carbon in cast iron and as a scavenger for 
P, O and S. Other uses are as a reducing agent in the production of other 
metals - Zr, Cr, Th and U - and for removing traces of N 2 from argon. 
Chemically CaH 2 is sometimes used as a source of H 2 . World production 
of Ca is about 1000 tonnes/year. The metal is obtained by electrolysis of 
the fused CaCI 2 , which is obtained either as a waste product from the 
Solvay process, or from CaCO* and HCI. 

The remaining metals Sr and Ba are produced on a very much smaller 
scale by electrolysis of their fused chlorides, or from their oxides by re¬ 
duction with aluminium (a thermite reaction). 


SIZE OF ATOMS AND IONS 

Group 2 atoms are large, but are smaller than the corresponding Group 1 
elements as the extra charge on the nucleus draws the orbital electrons in 
Similarly the ions are large, but are smaller than those of Group 1 , espec¬ 
ially because the removal of two orbital electrons increases the effective 
nuclear charge even further. Thus, these elements have higher densities 
than Group 1 metals. 
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Table 11.3 Size and density 



Metallic 

radius 

(A) 

Ionic 

radius M : * 
six-coordinate 
(A) 

Density 

(gem - ') 

Be 

1.12 

0.3 r 

1.85 

Mg 

1.60 

0.72 

1.74 

Ca 

1.97 

1.00 

1 55 

Sr 

2.15 

1.18 

2.63 

Ba 

•> "n 

• rnmmm 

1.35 

3.62 

Ra 


1.48 

5.5 


* Four-coordinate radius, six-coordinate value = 0.45 A 


uroup l metals are silvery white in colour. They have two valencv 
electrons which may participate in metallic bonding.'compared with one 
electron for Group 1 metals. Consequently Group 2 metals are harder 
have higher cohesive energy, and have much higher melting points and 
boiling points than Group I elements (see Table 11.4). but the metals are 
relatively soft. The melting points do not vary regularly, mainlv because 
the metals adopt different crystal structures (see the section on Metallic 
bonds and metallic structures in Chapter 2). 



Be 

Me 

Ca 

Sr 

Ba 

Ra 


Melting 
point 
(°C) 


1287 

649 

839 

768 

727 

(700) 


Boiling 

point 

(°C) 


(2500) 

1105 

1494 

1381 

(1850) 

(17(H)) 


Figures in brackets are approximate. 


Li 

Na 

K 

Rb 

Cs 


Melting 

point 

CC) 


181 

98 

63 

39 

28.5 


Boiling 

point 

( 6 C) 


1347 
SSI 
7 PS 
OSS 
705 


IONIZATION ENERGY 

pounds formed by Me Ca Sr anH p ^ Un< ^ S however. the con 

ionic. Since the atoms are smaller than 'hose fo GroupTthe deT"' 
more tightly held so that the energy needed to r <*mL ‘ !u * lec,rons 31 
(first ionization energy) is greater than for Group 1 Once ^ ^ 6 “‘u 
been removed, the ratio of charges on the nuclei Z hl 

mcreased. so that the remaining electrons are more tightlv hel^Hence^h 
energy needed to remove a second electron is nearly double that require 
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for the first. The total energy required 

Cir0 up 2 elements (first Ksn'i Z .„ion coenf 0 ^ 6 gaseous di valcnt ions for 
over four times greater than the enerov "' CO, ’ d ener C \) is 

Group 1 metals. The fact that ionic communT^ produce M+ from 
energy given out when a crystal lattice k r formed shows «hat the 
used in producing ions. rormed more than offsets that 


Table 11.5 Ionia,ion energies and „ 


Ionization enerev 
(kJmor 1 ) 



1st 

2nd 

Be 

899 

1757 

Mg 

737 

1450 

Ca 

590 

1145 

Sr 

549 

1064 

Ba 

503 

965 

Ra 

509 

979 


Pauling's 

electronegativity 


14847 

7731 

4910 


(3281) 


Estimated value in brackets. 


ELECTRONEGATIVITY 

The electronegativity values of Group 2 elements are low, but are higher 
than the values for Group 1. When Mg, Ca, Sr and Ba react with elements 
such as the halogens and dioxygen at the right hand side of the periodic 
table, the electronegativity difference is large and the compounds are 
ionic. 

The value for Be is higher than for the 'others. BeF 2 has the biggest 
electronegativity difference for a compound of Be and is the most likely 
compound of Be to be ionic. BeF 2 has a very low conductivity when fused, 
and is regarded as covalent 


HYDRATION ENERGIES 


The hydration energies of the Group 2 ions are four or five times greater 
than for Group 1 ions. This is largely due to their smaller size and increased 
charge, and Af/ hydrdlion decreases down the group as the size of the ions 
increases. In the case of Be a further factor is the very strong complex 
[Be(H 2 0) 4 l 2+ that is formed. The crystalline compounds of Group 2 con¬ 
tain more water of crystallization than the corresponding 
pounds. Thus NaCI and KCI are anhydrous but MgCI 2 • 6H:0 CaOj - 6 2 
and Bad. • 2H.O all have water of crystallization. Note 
her of molecule's of water of crystallization decreases as the tons become 


larger. 

Since the divalent ions have a noble gas 
electrons, their compounds are diamagnetic 
acid radical is coloured. 


structure with no unpaired 
and colourless, unless the 
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Table 11.6 Hydration energies 



Ionic radius 

AH hydration 


(A) 

(kJ mol -1 ) 

Be 2 * 

0.31* 

-2494 

Mg 2 * 

Ca°* 

0.72 

-1921 

1.00 

-1577 

Sr 2 * 

I.IK 

-1443 

Ba 2 * 

1.35 

-1305 


* Four-coordinate radius. 


ANOMALOUS BEHAVIOUR OF BERYLLIUM 
Be differs from the rest of the group for three reasons. 

1. It is extremely small, and Fajans* rules state that small highly charged 
ions tend to form covalent compounds. 

2. Be has a comparatively high electronegativity. Thus when beryllium 
reacts with another atom, the difference in electronegativity is seldom 
large, which again favours the formation of covalent compounds Even 
BeF 2 (electronegativity difference 2.5) and BeO (electronegativity 
difference 2.0) show evidence of covalent character. 

3. Be is in the second row of the periodic table, and the outer shell can 
hold a maximum of eight electrons. (The orbitals available for bonding 
are one 2r and three 2 p orbitals.) Thus Be can form a maximum of four 
conventional electron pair bonds, and in many compounds the maxi¬ 
mum coordination number of Be is 4. The later elements ran have 
more than eight outer electrons, and may attain a coordination number 
of 6 using one r. three p and two d orbitals for bonding. Exceptions 

JXtlsssee rr - 

B.X,■ £ “ 

Electronic structure of 
beryllium atom in the 
ground state 


Electronic structure of 
beryllium atom in excited state 


0 

0 □ 

2p 

□ 

n 

la 

0 

2 m 

2P 

□ □ 
i 

□ 

□ 


lw ° electrons can lorn. 

<*> ~ linoar molecul ® 

rangement has not filled the outeMhell'of electrons 6 ] aS h ' h ' S elec,ronic ar ' 

™ “ * to,i lchi ' v '‘' ’*«•« ~ SS 
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OF BERYI.uiim 

1. Two ligands that have a Ion* 

Sir" - 

2. The BeX 2 molecules may nolum. • 

ing halogen groups, for example (BeF 1° f ?T Chains ’ comaini "g bridg- 

bond (Figure 11.3c). ses a lone P a >r to form a coordinate 

3. (BeMe 2 )„ has essentially the vmw , 

bonding in the methyl compound is bes,"^7'!, f (BeC, -’>- bu ‘ the 
electron bonds covering one Me and tu, ® arded as three-centre two- 
4.. A covalent lattice may be formL ' ° Be atoms - 

ture (coordination number 4 ) for ex'anf 7k 7' 0r wurtzite struc- 

Ior example by BeO and BeS 

In water beryllium salts are extensive k. i . 

hydroxo complexes of unknown structure The” * k g ' VC 3 Series of 
of the type: * ^ e y may be polymeric and 
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HO OH OH OHl 2 " 

\/ \ / \ / 

Be Be Be 

/ \ / \ / \ 

HO OH QH OH 

If alkali is added to these solutions the polymers break down to give the 
simple mononudenr beryllate ion [Be(OH) 4 ] 2 -, which is tetrahedral 
Many beryllium salts contain the hydrated ion (Be(H : 0) 4 ] Jt rather than 
Be , and the hydrated ion too is a tetrahedral complex ion. Note that 
the coordination number is 4. Forming a hydrated complex increases the 
effective size of the beryllium ion. thus spreading the charge over a larger 
area. Stable ionic salts such as |Be(Hi0) 4 )S0 4 . [Bc(H.O) 4 |(NO,)i and 
[Be(H 2 0) 4 ]CI 2 are known. 


OH OH 

\ / \ / 

Be Be 

/ \ / \ 

HO OH OH 


Electronic structure of 
beryllium atom in the 
ground state 

Electronic structure of 
Be 2 * ion 



Electronic structure of 
Be 2 ' ion having gained 
four electron pairs from 
four oxygen atoms in 
water molecules 



2s 2 p 



four electron pairs - 

tetrahedral 

(sp 3 hybridization) 
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... . dissolved in pure water because the hy- 

Beryliium salts are acidic ^ happens because the Be—O 

drated ion hydrolyses. producing'hydrated ion Chis weakens ihe O-H 
bond is very strong, and soini the h)* Qns The jnitia | reac tion is 

bonds, and hence there is a tendency 

H 2 0 + [Be(H 2 0)4l 2t ^ [Be(H 2 0)j(0H)J* + H,CT 

but this may be followed by further polymerization, involving hydroxo- 
bridged structures [Be 2 OH|^. (Be,(OH) 4 )' . In alkaline solutions 
[Be(OH) 4 ) 2_ is formed. The other Group 2 salts do not intend so 

strongly with water, and do not hydrolyse appreciably. 

Beryllium salts rarely have more than four molecules of water of crysta - 
lization associated with the metal ion. because there are only four orbitals 
available in the second shell of elections, whereas magnesium can have 
a coordination number of 6 by using some 3d orbitals as well as 3s and 

3 d orbitals. 


SOLUBILITY AND LATTICE ENERGY 

The solubility of most salts decreases with increased atomic weight, though 
the usual trend is reversed with the fluorides and hydroxides in this group. 
Solubility depends on the lattice energy of the solid, and the hydration 
energy of the ions as explained below. 

Some lattice energy values for Group 2 compounds are listed in Table 
11.7. The lattice energies are much higher than the values for Group 1 
compounds, because of the effect of the increased charge on the ions in 
the Born-Lande equation. (See Chapter 3.) Taking any one particular 
negative ion. the lattice energy decreases as the size of the metal increases. 


Table 11.7 Lattice energies of some compounds (kJ mol ’) 


MO MCOi MF : Ml> 



,_ 7 ? l , e ^ d 0 ra,ion ener *y also decreases as Hie metal ions become larger 
(lable 11.8). For a substance to dissolve, the hydration energy must ex- 


Table 11.8 Enthalpies of hvdration 
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CC ed the lattice energy. Consider a related , 

the chlorides of all the Group 2 metals On h C ° mpo “ nds ' such as 
metal ions become larger and so both the lathee u gr ° Up ,he 

energy decrease. A decrease in lathee enel r 8y a " d ,he hydra,ion 
Z a decrease in hydration energySo U1 !T 0l ? mCreased 

on which of the two has changed most Witk , , aepenas 

scending the group the hydration energy dec^ZT!^^ 
,he lattice energy: hence the compounds become less soluble as the metal 
gets larger. However with fluorides and hydroxides the lattice energ 

decreases more rapidly than the hydration energy, and so their solubility 
increases on descending the group. 


SOLUTIONS OF THE METALS IN LIQUID AMMONIA 

The metals all dissolve in liquid ammonia as do the Group 1 metals. Dilute 
solutions are bright blue in colour due to the spectrum from the solvated 
electron. These solutions decompose very slowly, forming amides and 
evolving hydrogen, but the a'eaction is accelerated by many transition 
metals and their compounds. 

2NH-, + 2e 2NHJ + H 2 

Evaporation of the ammonia from solutions of Group 1 metals yields the 
metal, but with Group 2 metals evaporation of ammonia gives hexam- 
moniates of the metals. These slowly decompose to give amides 

M(NH 3 ) 6 M(NH 2 ) 2 + 4NH 3 + H 2 

Concentrated solutions of the metals in ammonia are bronze coloured, 
due to the formation of metal clusters. 


CHEMICAL PROPERTIES 


Reaction with water 

The reduction potential of beryllium is much less than those for there* of 

i dLie, .h»t Jfltm i. much lex 
allic) han the others, and beryllium does not ^a t ^h wa.e^There 
some doubt whether it reacts with steam to form the ox.de BeO, 

to react at all. ... tr , t k n c e of the corre- 

Ca, Sr and Ba have reduction potentials' "“j* e | ec trochemical series, 
sponding Group 1 metals, and are qui e 8 hy d r ogen and forming 

They react with cold water quite readily, liberating y 

metal hydroxides. 

Ca + 2H 2 0 - Ca(OH) 2 + H 2 


scanned oy uamscanner 



336 


GROUP 2 - THE ALKALINE EARTH ELEMENTS 


Table 11.9 Some reactions of Group 2 elements 


Reaction 


Com mem 


M + 2H 2 0— M(OH) 2 + H 2 


Be probably reacts with steam. Mg with hut 
water, and Ca. Sr and Ba react rapidly with 
cold water 


M + 2HC1 -► MC1 2 + H 2 


All the metals react wjth acids, liberating 
hydrogen * 


Be + NaOH -*• Na 2 [Be(OH) 4 ] + H 2 Be is amphoteric 


2M + 0 2 -♦ 2MO 
with excess dioxygen 
Ba -♦* 0 2 —► Ba0 2 


Normal oxide formed by all group members 
Ba also forms the peroxide 


M + H 2 —MH 2 


Ionic ‘salt-like' hydrides formed at high 
temperatures by Ca. Sr and Ba 


3M + N 2 —► MjN 2 


All form nitrides at high temperatures 


3M + 2P—> M,P 2 


All the metals form phosphides at high 
temperatures 


M + S —► MS 
M + Se —► MSe 
M + Te—> MTe 


All the metals form sulphides 
All the metals form selenides 
All the metals form tellurides 


M + F 2 — mf 2 
M + C1 2 —MCI 2 
M + Br 2 —► MBr 2 
M + I 2 —► MI 2 


All the metals form fluorides 
All the metals form chlorides 
All the metals form bromides 
All the metals form iodides 


3M + 2NH,->2M(NH 2 ) 2 


All the metals form amides at high 
temperatures 


or 


Magnesium has an intermediate value o n h it 

water but i, decomposes ho, water ' ^ " 0 ‘ react WUh cold 

Mg + 2H 2 0 -♦ Mg(OH) 2 + H 2 
Mg + HjO — MgO + Hj 

potential it does not react i 


HYDROXIDES 


Be(OH) 2 is amphoteric, but the hydroxides 
basic. The basic strength increases from Mg 


°f Mg, Ca, Sr and Ba are 
10 Ba, and Group 2 shows 
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the usual trend that basic Drn 

Solutions of Ca( OH )j and BafOHi ° n “ending a group, 

water respectively, and are used to^ 2 Ca,led lime water and baryta 
bubbled through these solutions they be' Carb ° n dioxide When CO? is 
the formation of a suspension of T ‘ ,urbid ’ ° r ‘milky due to 

excess C0 2 is passed through theseInt, C ^ ° f CaC0 ' or BaCO,. If 
disappears as soluble bicarbonate? fo ™ V f? 0 " 5 ,he " «he turbidity 
water is rather too sensitive as it e L s ' W,,h ,he exce * C0 2 . Baryta 

brea,h °" wbereas with lime water breThT '? f ° r C ° 2 by 
through the solution as bubbles. ’ ,h other «**) must be blown 


Ca 2+ (OH~ 


h + CO * - CaCO, + Hj O 

insoluble 

'''hilc precipitate 


CO, 


Ca 2 *(HCO,) 2 

M>luhlc 


The bicarbonates of Gtoud 2 m#»taic n . 

in limestone regions often have stalactites cm* •^'h 6 ' n so,ution Caves 
and stalagmites growing up from ^ r °° f ' 

limestone contains some Ca 2+ (HCfr^ i er Isolating through the 
bonate decomposes slowly in to 7“i^^^^ bi -' 
in the slow growth of the stalactites and stalagmites. * 

Ca 2+ (hC0, ), - CaCO, + CO, + H,0 


HARDNESS OF WATER 


Hard water contains dissolved salts such as magnesium and calcium car¬ 
bonates, bicarbonates or sulphates. It is difficult to produce lather from 
soap with hard water, and an insoluble scum is formed. The metal ions 
Ca 2+ and Mg 2 * react with the stearate ions from the soap, forming an 
insoluble scym of calcium stearate before any lather is produced. Hard 
water also produces scale (insoluble deposits) in water pipes,, boilers, 
and kettles. 

‘Temporary hardness" is due to the presence of Mg(HC0 3 ) 2 and 
Ca(HC0 3 ) 2 . It is called ‘temporary’ because it can be removed by boil¬ 
ing, which drives off C0 2 and upsets the equilibrium. 

2 HCO 3 ^ CO?’ + co 2 + h 2 o 


Thus the bicarbonates decompose into carbonates, and calcium carbonate 
is precipitated. If this is filtered off, or allowed to settle, the water is free 
from hardness. Temporary hardness can also be removed by adding slaked 
lime to precipitate calcium carbonate. This is called lime softening , and 
by operating at pH 10.5, temporary hardness due to HC0 3 ’ can be almost 

completely removed. 

Ca(HCO,) 2 + Ca(OH) 2 ^ 2CaCO, + 2H 2 0 

•Permanent hardness' is not removed by boiling. and ,s d “ e "’ a '" ly 
MgSO, or CaSO. in solution. Small quantities of pure water prepared 
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in (he laboratory either by distilling the water or by passing it through 
ion-exchange resin, when the CV‘ and Mg ions are replaced by N a < 
The sodium salts do not affect the lathering power. Ion-exchange method, 
are widely used in industry. Water may also be softened by adding v ar j 0us 
phosphates, such as trisodium phosphate Na 3 PO„, sodium pyropho sp h atc 
Na 4 P : 0 7 . sodium tripolyphosphate Na,P,0| (l . or Grahams salt (Calg 0n) 
(NaP0 3 )„. These form a complex with the calcium and magnesium i ons 
and ‘sequester’ them, that is keep them in solution. At one time | arge 
quantities of sodium carbonate were used in the lime-soda process to 
soften water. The effect of adding Na 2 C0 3 is to precipitate CaCO,. 

CaS0 4 + Na 2 C0 3 -» CaC0 3 + Na 2 S0 4 

REACTION WITH ACIDS AND BASES 

The metals all react with acids and liberate H 2 , although Be reacts slowly 
Be is rendered passive by concentrated HN0 3 , i.e. it does not react. This 
is because concentrated HN0 3 is a strong oxidizing agent and it forms a 
very thin layer of oxide on the surface of the metal, which protects it from 
further attack by the acid. Be is amphoteric, as it also reacts with NaOH 
giving H 2 and sodium berrylate. Mg, Ca, Sr and Ba do not react with 
NaOH, and are purely basic. This illustrates that basic properties increase 
on descending the group. 

Mg + 2HCI - MgCI 2 -I- H 2 
Be + 2NaOH + 2H 2 0 -> Na 2 [Be(OH) 4 ] + H 2 

or NaBe0 2 -2H 2 0 + H-> 

sodium bcryllatc 


OXIDES AND PEROXIDES 


All the elements in this group burn in O. to form oxides MO. Be metal is 
relatively unreactive in the massive form, and does not react below 600°C. 
but the powder is much more reactive and burns brilliantly. The elements 
also burn in air, forming a mixture of oxide and nitride. Mg burns with 
dazzling brilliance in air and evolves a lot of heat. This is used to start 
a thermite reaction with alunpnium. and also to provide light in flash 
photography using light bulbs, not electronics. 


5 


t- IVlg 3 IN 2 


BeO is usually made by ignition of the metal, but the other metal oxide 

Orhero L 0 .K a ' ne h ? ;r' deC ° mpOS,,ion “f ‘he carbonates MCO 
Other oxpsalts such as M(NO.,) 2 and MS0 4 ; and also M(OH)„ all d< 

compose to the ox.de on heating. The oxosalts are less stable to heat .ha 

the corresponding Group salts because the metals and their hydroxid. 
are less basic than those of Group 1. 

• CaO (q-ckhme) ts made in enormous quantities (127.9 million tonni 
in 1993) by roasting CaC0 3 in a lime kiln. 




CaCO,^ raf , 

CaO + co. 


. - ^ T 111, 

MgO is not very reactive esoe 

peratures, and for this reason it s''2/ “ haS been ‘gnited at high tem 
as a refractory. They combine ^ 0 V efra «ory. BeO is a.2 Z 
useful for lining furnaces. These factors are Pr0perties tha « make them 

1. High melting points (BeO » 

2. Very low vapour pressures. ^ °* a Pprox. 2800°C). 

3. Very good conductors of heat 

4. Chemical inertness. 

5. Electrical insulatois. 

All Be compounds should be used with 

smoke cause berylliosis. Care as the V are toxic and dust or 

CaO, SrO and BaO react exothermically with water, forming hydroxides. 

CaO + H 2 0 -► Ca(OH) 2 
Mg(OH) 2 is extremely insoluble in wai^r r, 

but the other hydroxides are soluble and the' Pr ?*K-! * 10 81 ' at 20 ° C) 
group (Ca(OH) 2 approx 2e|-‘- Srfo ?.. h lub,ll * ymc f easesdownth e 

sf -sr'i, iVJTKi as 

2 “!“££.“TT u M 5 (oh,! • -e.ay b.1. 
k Sd“akid £ ' <> "' C, hy<l,0 " d ' s * re “»* <*01.,, 

BeO IS covalent and has a 4:4 zinc sulphide (wurtzite) structure, but all 
the others are ionic and have a 6:6 sodium chloride structure. 

using the sizes of the ions and the 
radius ratio are only partly successful (Table 11.10). The correct structure 
is predicted for BeO, MgO and CaO, but for SrO and BaO the predicted 
coordination number is 8, though the structures found are six-coordinate. 
Crystals adopt the structure that has the most favourable lattice energy, 
and the failure of the radius ratio concept in this case leads us to examine 
the assumptions on which it is based. (See Chapter 3 under ‘A more criti¬ 
cal look at radius ratios’.) Ionic radii are not known with great accuracy 
and they change with-different coordination numbers. Also, ions are not 
necessarily spherical, or inelastic. 


'Table 11.10 Radius ratios and coordination numbers 


Oxide Radius Predicted Coordination 

ratio coordination number 

M 24 70 2_ number found 
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As the atoms get larger, the ionization energy decreases and the el¬ 
ements also become more basic. BeO is insoluble in water but dissolves 
in acids to give salts, and in alkalis to give beryllates, which on standing 
precipitate as the hydroxide. BeO is therefore amphoteric. MgO reacts 
with water, forming Mg(OH) 2 which is weakly basic. CaO reacts very 
readily with water, evolving a lot of heat and forming Ca(OH)-. which is a 
moderately strong base. Sr(OH) 2 and Ba(OH) 2 are even stronger bases. 
The oxides are usually prepared by thermal decomposition of the carbon¬ 
ates, nitrates or hydroxides. The increase in basic strength is illustrated by 
the temperatures at which the carbonates decompose. 

BeCO, MgCO, CaCO, SrCO, BaCO, 

<100°C 540 °C 900 °C 1290°C I360°C 


The carbonates are all ionic, but BeCO, is unusual because it contains 
the hydrated ion [Be(H 2 0) 4 ] 2 * rather than Be 2 * 


CaCO., occurs as two different crystalline forms, calcite and aragonite. 
Both forms occur naturally as minerals. Calcite is the more stable: each 
Ca * is surrounded by six oxygen atoms from CO^ ions. Aragonite 
is a metastable form, and its standard enthalpy of formation is about 
5kJmol higher than that of calcite. In principle aragonite should de¬ 
compose to calcite, but a high energy of activation prevents this happen¬ 
ing. Aragonite can be made in the laboratory by precipitating from a hot 
solution. Its crystal structure has Ca 2+ surrounded by nine oxygen atoms 
This is a rather unusual coordination number. 


oxide ( ,inle ) is prepared on a large scale (127.9 million 
m 1993) by heating CaCO, in lime kilns. 


tonnes 


CaCO* -► CaO + C0 2 

Lime is used: 


1. in steel making to remove phosphates and silicates as slag. 

2. By mixing with SiO, and alumina or clay to make cement. 

J. ror making glass. 

4 ' Jonven'inTNa^^iTN OH hiCh “ part ° f ,he chlor-alkali industry, 
converting lNa 2 COj to NaOH or vice versa J 

5. For 'softening' water. 

6. To make CaC 2 . 

7. To make slaked lime Ca(OH) 2 by treatment with water. 

i P ° Wder i$ made by paSSing a * in ‘° staked lime and aoout 

150000 tonnes a year are produced Thnnoh ki« u- ' ana 3001 

written as Ca(OCI), i, is really a mixt^e 8 MCh,n8 P ° Wder is of,en 

3Ca(OH) 2 + 2Clj -» Ca(OCI) 2 • Ca(OH) 2 • CaCI 2 • 2H 2 0 
Soda lime is a mixture of NaOH and Ca(OH) 2 and is made from quick- 
JE ££1' a " d aqUC ° US S ° dmm hydrox,de - “ much easier to handle 

Peroxides are formed with increasing ease and increasing stability as the 


metal ions become larger. Barium 

over BaO at 500 °C. Sr0 2 can be formedfn ?*°V S formed by passing air 
a high pressure and temperature CaO i S ; m,lar wa V but this requires 

hydrating the product. Crude Mro! has k H)j W “ h H *°* and 'hen de- 
peroxide of beryllium is known. The peroride m3de Using but no 
tainmg the [0-0]- ion and can be re*a d! Whi,e ionic solids 
acid hydrogen peroxide. Treating peroxide d .f Sal,s of ,he ver y weak 
peroxide. 8 perox,d « w«h acid liberates hydrogen 


BaO, + 2HCI BaCI, + H ,Q, 


SULPHATES 


The solubility of the sulphates in w»ip, 

Mg » Ca > Sr > Ba. Thus Be SO, and d ° Wn ' he grou P' Be > 

is sparingly soluble, and the sulphates of ^ soluble - but CaSO, 

soluble. The significantly higher solubilities of BeSO * "! in ' 

due to the high enthalpy of solvation of the sm[|l!f B % . u gS ° 4 are 

Epsom salt MgSO, • 7H,0 is used as a mild laxative Calri '° ns 

exist as a hemihydrate CaSO, • 4H,0 which ;« C m sulphate can 

—- r—-** irasissr* 


CaSO, • 2H.O 

gypsum 


150‘C 


CaSO, •(H,0 

pbsicr of Paris 


200 T 


CaSO, 

anhydrite 


I MW'T 


CaO + SO, 


When powdered plaster of Paris CaSO, • (H : 0 is mixed with the the cor- 
reel amount of water it sets into a solid mass of CaSO, • 2H,0 (gypsum) 
Plaster of Pans is used for plastering walls, and also to make plaster casts 
(moulds) for a variety of purposes, industrial, sculptural, andin hospitals 
to encase limbs so that broken bones arc set straight. Alabaster is a fine 
grained form of CaS0,-2H,0 which is shiny like marble, and is used to 
make ornaments. CaSO, is slightly soluble in water (2gper litre), so ob¬ 
jects made from alabaster or gypsum cannot be kept outdoors. BaSO, is 
both insoluble in water and opaque to X-rays, and is used as a barium 
meal’ to provide a shadow of the stomach or duodenum on an X-ray pic¬ 
ture, which is useful in diagnosing stomach or duodenal ulcers. The sul¬ 
phates all decompose on heating, giving the oxides: 

MgSO,-^ MgO + SO, 

In the same way as with the stability and thermal decomposition of the 
carbonates, the more basic the metal is. the more stable the sulphate is. 
This is shown by the temperatures at which decomposition occurs: 

BeS0 4 MgS0 4 CaS0 4 SrS0 4 

500 °C 895 °C 1149°C 1374°C 

Heating the sulphates with C reduces them to sulphides. Most bariurr 
compounds are made from barium sulphide. 
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BaS0 4 + 4C — BaS + 4CO 

Group 1! elements also form perchlorates MClOj, which have very 
similar structures to the sulphates, and the C I0 4 ion is tetrahedral and 
similar in size to the SOi ion. However, they differ chemically, since 
perchlorates are strong oxidizing agents. Magnesium perchlorate is used 
as a drying agent called anhydrone. Anhydronc should not he used with 
organic materials because it is a strong oxidizing agent, and accidental 
contact with organic material could cause an explosion. 



NITRATES 

Nitrates of the metals can all he prepared in solution and can he.crystal¬ 
lized as hydrated salts by the reaction of HNO, with carbonates, oxides 
or hydroxides. Heating the hydrated solids does not give the anhydrous 
nitrate because the solid decomposes to the oxide. Anhydrous nitrates can 
be prepared using liquid dinitrogen tetroxide and ethyl acetate Beryllium 
is unusual in that it forms a basic nitrate in addition to the normal salt 


BeC'li 


vo, 


Be(NOi): ■ 2N : 0 4 


M.itm lo SU'( 

-- 

under t.iuium 


i:s (. 

Bc(NOi):- 


|Bc 4 0(N0,)„| 

hdsit 

N.r\!lium 

mtr.ilc 


Basic beryllium nitrate is covalent and has an unusual structure (Figure 
11. lb) Four Be atoms are located at the corners of a tetrahedron, with six 
NO* groups along the six edges of the tetrahedron, and the (basic) oxy¬ 
gen at the centre. The structure is of interest partly because beryllium 
is unique in forming a series of stable covalent molecules of formula 
|Be,0( R,,)| where R may be NO, . HCOO . Cl I,COO". CTLCOO . 
CJKCOO etc Thus, basic beryllium nitrate is one of a series of similar 
molecules (cf basic beryllium acetate (Figure II 5 b)) The structure is 
also of interest because the NO, groups act as bidentate ligands in form¬ 
ing a bridge between two Be atoms. (See ‘Chelates* in Chapter 7 for a 
discussion of multidentate groups.) 


HYDRIDES 

I he elements Mg. C a. Sr and Ba all react with hydrogen to form hydrides 
MHi. Beryllium hydride is difficult to prepare, and less stable than the 
others. Impure Bell, (contaminated with various amounts of ether) was 
first made by reducing BeC I, with lithium aluminium hydride Li[AIH 4 | 
Pure samples can be obtained by reducing BeCI : with lithium borohy* 
dndc Li[BH,| to give BcBTIs. then heating BeBTI* in a sealed tube with 
triphenylphosphme PPh 


-BeC L + LiAIH 4 — 2Bell : 4 LiC I + AICI, 
Be B ; I Is 4- 2PPh,— Bell, 4 2Ph,PBH, 


Scanned by (JamScanner 



HYDRIDES 





Figure 11.1 


(a) A bridging NO^ 


(b) 

group, (b) Basic beryllium nitrate. 


O 



Figure 11.2 Polymeric BeH 2 structure with thrce-centrc bonds. 


BeCU 2Li[BH 4 ] — BeB 2 H 8 + 2LiCl 
Ca + H 2 — CaH : 

The hydrides are all reducing agents and are hydrolysed by water and 
dilute acids with the evolution of hydrogen. 

CaH 2 + 2H 2 0 — Ca(OH) 2 + 2H 2 

CaH 2 , SrH 2 and BaH 2 are ionic, and contain the hydride ion H~. Beryl¬ 
lium and magnesium hydrides are covalent and polymeric. (BeH 2 )„ pre¬ 
sents an interesting structural problem. In the gas phase it seems probable 
that several species may be present comprising polymeric chains and rings. 
The solid exists in both amorphous and crystalline forms. Both are thought 
to be polymeric and to contain hydrogen bridges between beryllium atoms. 

Be is bonded to four H atoms, and the H atoms appear to be forming 
two bonds. Since Be has two valency electrons, and H only one, it is ap¬ 
parent that there are not enough electrons to form the usual electron pair 
bonds in which two electrons are shared between two atoms. Instead of 
this, three-centre bonds are formed in which a banana-shaped molecular 
orbital (or three-centre bond) covers three atoms Be... H...Be, and 
contains two electrons. (This is called a three-centre two-electron bond.) 
This is an example of a cluster compound, where the monomeric molecule 
BeH 2 (formed with normal bonds) would result in only four electrons in 
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the outer shell of the beryllium atom. This situation is termed ‘electro,, 
deficient’, and, by clustering, each atom shares its electrons with several 
neighbours and receives a share in their electrons. Clustering is import an( 
in metals (Chapter 5) and the boron hydrides (Chapter 12), and in the 
halides of the second and third row transition metals (Chapter 18). 


HALIDES 

Halides MX 2 can be made by heating the metals with the halogen, or by 
the action of halogen acid on either the metal or the^carbonate. The beryl¬ 
lium halides are covalent, hygroscopic and fume in air due to hydrolysis. 
They sublime, and they do not conduct electricity. Anhydrous beryllium 
halides cannot be obtained from materials made in aqueous solutions 
because the hydrated ion [Be(H 2 0) 4 ] 2 * is formed, e.g. [Be(H 2 0) 4 |CL 
or [Be(H 2 0) 4 ]F 2 . Attempts to dehydrate result in hydrolysis. 

[Be(H,0) 4 ]CI : -^ Be(OH) : + 2HCI 

The anhydrous halides are best prepared by the following reactions. Reac¬ 
tion with CC1 4 is a standard method for making anhydrous chlorides which 
cannot be obtained by dehydrating hydrates. (See Chapter 16.) 

BeO + 2NH, + 4HF -» (NH 4 ) 2 [BeF 4 ] BeF, + 2NH 4 F 

BeO + C + Cl. ( ~ BeCI, + CO 

HI k 1 9 ( * 

2BeO + CCI 4 -► 2BeCI 2 - 1 - CO, 

The anhydrous halides are polymeric. Beryllium chloride vapour contains 
BeCI 2 and (BeC! 2 ) 2 , but the solid is polymerized. Though the structure of 
the (BeCI 2 ) /f polymer is similar to that for (BeH : ),„ the bonding is dif¬ 
ferent. Both show clustering, but the hydride has three-centre bonding, 
whereas the halides have halogen bridges, in which a halogen atom bonded 
to one beryllium atom uses a lone pair of electrons to form a coordinate 
bond to another beryllium atom. 


Cl—Be—Cl 
(a) 



Cl 

/ \ 

Cl—Be Be—Cl 

\ / 

Cl 

(b) 



(c) 

Figure 1J.3 BcCI, structures: (a) monomer, (b) dimer and (c) polymer 


Beryllium fluoride is very soluble in water 
energy of Be in forming |Be(H 2 0 ) 4 l J + Th °T" 8 ,0 ,he hi 8 h solvation 
almost insoluble. ; | The °'her fluorides MF 2 are all 

Fluorides of the other metals are ' 

are insoluble in water. CaF 2 is a white ^ mclling Points, and 

very important industrially, and is thrm.i *' hlgh me| ting solid. It i s 

mam source of both F 2 and HF. 

a 2 + H 2 S0 4 -* 2HF + CaSO„ 

HF + KF -* KHF 2 clcc " ol ^ l> p 

World production of fluorite CaF, was 1 n m : n - 
main sources are China 42%, the Soviet tin l0 " ,onnes ,n '" 2 . The 
8 % each, and South Africa 7%. CaF is a iJ° n ’ ^ exico and Mongolia 
cell windows for spectrophotometers. 2 US6 '° make pnsms and 
The chlorides, bromides and iodides of Me Ca Sr anrf r, „ • 
have much lower melting points than the fluorides, and are readi sX£ 
,n water. The solubtltty decreases somewhat with increasing atomic Z 
ber. The halides all form hydrates, and they are hygroscopic (absorb water 
vapour from the air). Several million tonnes of CaCl, arc produced each 
year. Large amounts are discarded in solution as a waste product from the 
Solvay process because it is not economic to recover the solid and demand 
is low. CaCl 2 is widely used for treating ice on roads, particularly in very 
cold countries, because a 30% eutectic mixture of CaCl 2 /H 2 0 freezes at 
-55°C, compared with NaCI/H 2 0 at -18°C. CaCl 2 is also used to make 
concrete set more quickly and to improve its strength, and as ‘brine* in 
refrigeration plants. A minor use is in laboratories as a desiccant (dry¬ 
ing agent). Anhydrous MgCI 2 is important in the.electrolytic method for 
extracting magnesium. 



NITRIDES 

The alkaline earth elements all burn in dinitrogen and form ionic nitrides 
M 3 N 2 . This is in contrast to Group I where Li^N is the only nitride formed. 

3Ca + N 2 — Ca,N 2 

Because the N 2 molecule is very stable, it requires a lot of energy to con¬ 
vert N 2 into N 3 " nitride ions. The large amount of energy required comes 
from the very large amount of lattice energy evolved when t e crysta ine 
solid is formed. The lattice energy is particularly high because of the .g 

charges on the ions M 2+ and N 3 “ Li is alone in Grou P '" f °^' nga 
nitride, and here the very small size of Li + results in a high lattice energy. 

(See Born-Lande equation. Chapter 3.) tendency of Be to 

Be 3 N 2 is rather volatile in accor wi A || (he nitrides are all 

covalency, but the other nitrides are and reac t with water, lib- 

crystalline solids which decompose on heao g d hydroxide . e .g 
erating ammonia and forming either the metal ox. 

Ca,N 2 + 6 H.O - 3 Ca(OH ) 2 + 2NH, 
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CARBIDES (see also Chapter 13) 

When BeO is heated with C at ISK)()-2(MK) C' a brick red coloured carh,d c 
of formula Be 2 C is formed. 1 his is ionic, and has an anti-fluorite structure, 
i e like the CaF, structure except that the positions of the metal ions and 
anions are interchanged. It is unusual because it reacts with water, forming 
methane, and is thus called a methanide. 

Be 2 C + 4H : 0 -> 2Be(OH) 2 + CFL 

Group 2 metals typically form ionic carbides of formula MC 2 . The 
metals Mg, Ca, Sr and Ba form carbides of formula MC 2 , either when the 
metal is heated with carbon in an electric furnace, or when their oxides are 
heated with carbon. CaC 2 made in this way is a grey coloured solid, but is 
colourless when pure. BeC 2 is made by heating Be with ethyne. 

On heating. MgC 2 changes into Mg 2 C,. This contains Cl', and it reacts 
with water to form propyne CHX=CH (methyl acetylene). 

i imrc 

Ca + 2C-> CaC 2 

:<Kxr(' „ _ 

CaO 4- 3C -► CaC 2 + CO 

The MC : carbides all have a distorted sodium chloride type of structure 
replaces Na~ and C=C - ' replaces Cl'. The C^' ions are elongated, 
not spherical like Cl". Thus the axis along which the Cs" ions he is length¬ 
ened compared with the other two axes, and this is called tetragonal dis¬ 
tortion. The structure is shown in Chapter 3 Figure 3.12. At temperatures 
above 450°C the ions adopt random positions rather than bein<: 
aligned in this way. and the unit cell then becomes cubic rather than 
tetragonal. 

Calcium carbide is the best known. It reacts with water, liberating 
ethyne (formerly called acetylene), and is thus called an acetylide. 

CaC : + 2H : 0 - Ca(OH)> + C 2 H 2 

At one lime this reaction was the main source of ethvne for oxy-acctvlene 
welding. Production of CaC, peaked at 7 million tonnes/year m I960 hut 

had declined to 4.9 million tonnes in 1991 because ethvne is now obtained 
from processing oil. 

CaQ, is an important chemical intermediate. When CaC, is heated in an 
electric furnace with atmospheric dinitrogen at 1100°C calcium evanamide 
CaNCN « tamed. T* h „ tape,,.™ b.,,,,.,'7, 

<TI " H,b " r™« NH. is lnochel 

method of fixing dimtrogen.) 

CaC 2 + N 2 CaNCN + C 

The cyanamide ion [N=C=N] 2 - is isoelectronic with CO, and has the 
same linear structure. CaNCN is produced on a large scale, particularly in 
locations where there is cheap electricity. At one time about I 7 million 
tonncs/ycar was produced, though this is now increasing. Cyanamide is 


ORGANOMETALLIC compounds 


widely used (particularly in SK Ash ,n,i c. r , 

nitrogenous fertilizer, as it hvdrolvses sin i ^ Ei * Sl 3S H S, ° W aCtine 

CaNCN has ihe advantage over more sol'.,h - T" “ pcnod ° f momhs ' 

as NHjNO. or urea, in that it is not washed L 1 " r ° gL . m ' us f ert,l,zers such 

‘Shed away with the first rainstorm. 

CaNCN + 5HsO - CaCO, + 2NH 4 OH 

Other important industrial uses of CnNir'isj 
amide H.NCN which is used to ml ure ^nd h manufa f u / e 
which forms hard plastics with formaldehyde '° Urea ‘ ^ ° f melamme 

CaNCN + H 2 S0 4 -»H 2 NCN + CaS0 4 
CaNCN + C0 2 4- H 2 0 ->H 2 NCN 4 CaCO^ 

cyandmidc 

H.NCN + Hj N • CO • NH 2 (urea) 


H.NCN 4 h 2 s 


H 2 N CS NH 2 (thiourea) 


h 2 ncn 

cv.inamtdc 


pH 7-y 


NCNC(NH 2 ) 2 

dicyjnamide 


pyrolysis 


h 2 n n nh 2 

\ / \ / 

c c 


N N 

\ / 

c 


NH, 

cyanuric amide 
(melamine) 

It is interesting that PaC 2 also reacts with N 2 , but it forms a cyanide 
Ba(CN) 2 , not a evanamide (NCN) 2- 


INSOLUBLE SALTS 

The sulphates of calcium, strontium and barium are insoluble, and the 
carbonates, oxalates, chromates and fluorides of the whole group are 
insoluble. This is a useful factor in qualitative analysis. 


ORGANOMETALLIC COMPOUNDS 

Both Be and Mg form an appreciable number of compounds with M—C 
bonds, but only a few have been isolated for Ca, Sr and Ba. 

Victor Grignard. a Frenchman, won the Nobel Prize for Chemistry in 
1912 for his work on organomagnesium compounds which are now called 
Grignard reagents. These are probably the most versatile reagents in 
organic chemistry, and can be used to make a wide variety of alcohols, 
aldehydes, ketones, carboxylic acids, esters, amides and alkenes. The use 
of Grignard reagents and lithium alkyls provide the two general methods 
for making organometallic compounds, and hence Grignard compounds 
are verv important in inorganic chemistry too. 


347 
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Grignard reagents are made by the slow addition of an alkyl or aryl 
halide (Cl. Br or I) to a continuously stirred mixture of magnesium turn- 
ings in an absolutely dry organic solvent such as diethyl ether. Water 
and air must be rigorously excluded. The reaction often has an induction 
period before it starts, and may require the addition of a crystal of iodine 
to penetrate the oxide film on the metal to make it start. Very reactive 
magnesium can be prepared by reducing magnesium halides with potass¬ 
ium in the presence of KI, and the use of this makes it easier to prepare 
Grignard reagents, and extends their uses. 

Mg + RBr Jry Uh> ~ r > RMgBr (R = alkyl or aryl) 

Grigrurd rcagcnl 

Grignard reagents are all very reactive. Iodides are the most reactive, and 
chlorides the least reactive. Alkyl Grignard compounds are usually more 
reactive than aryl Grignard compounds. 

All Grignard reagents are rapidly hydrolysed by water to give the parent 
hydrocarbon. 

2RMgBr + 2H 2 0 — 2RH + Mg(OH) 2 + MgBr 2 

Grignard reagents are not stored, but are made and used when required 
without isolating them. They are normally solvated or polymerized with 
halogen bridges. Their structures have long been the subject of contro¬ 
versy. X-ray structures of solid PhMgBr • 2Et 2 0 and EtMgBr • 2Et 2 0 show 
that the magnesium is tetrahedrally coordinated by bromine, the organic 
group, and oxygen atoms from ether molecules, but in solution several 
species may be present. 


Et*0 Br 


\ / 

Mg 

/ \ 

EtjO Et 


EtjO Br 

\ / 

Mg 

/ \ 

Et*0 Ph 


11*4 Structures of some Grignard compounds. 
Some typical reactions are: 


Et Br NEt 3 

\ / \ / 

Mg Mg 

/ \ / \ 

Et 3 N Br El 


RMgBr + RCOOH (carboxylic acid) 

RMgBr + R,C=0-^2. R,C OH (tertiary alcohol) 

RMgBr + R • CHO —► R,CHOH (secondary alcohol) 

RMgBr + O, ROH (primary alcohol) 

RMgBr + S*-, RSH and RjS 

RMgBr + HCHO-^h. RCH, OH 

RMgBr + 1 2 -► RI 

RMgBr + H*-► RH 
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RMgBr + BeCl 2 -► BeR 2 

RMgBr -I- LiR-► MgR 2 

RMgBr + BCI 3 -► BR 3 

RMgBr + SiCl 4 -► RSiClj, R 2 SiCl 2 , R,SiCI, R 4 Si 

alkyl and aryl chlorosilancs 

The alkyl and aryl chlorosilanes are commercially important in the 
manufacture of silicones (see Group 14). 

BeCl 2 reacts with Grignard compounds, forming reactive alkyls and 
aryls. The compound Be(Me) 2 is dimerized in the vapour state, and poly¬ 
merized in the solid. The structure formed is a chain structure which 
resembles that in BeCI 2 . The bonding is, however, very different. The 
bonding in Be—Me Be is best described as two electrons forming a 
three<entre bridge bond involving both Be atoms and the CH 3 group, 
similar to the three-centre bonds in (BeH 2 )„. This is different from the 
halogen bridging in (BeCl 2 )„ where the bridging chlorine atom forms two 
normal two-electron bonds. 

Though much less studied than Grignard compounds, the other Group 
2 metals also form dialkyl and diaryl compounds. These may be prepared 
using Grignard compounds, lithium alkyls/aryls or mercury alkyls/aryls. 

BeCl 2 4- 2MeMgCl BeMe 2 • (Et 2 0)„ + 2MgCI 2 
BeCl 2 + 2LflEt BeEt 2 • (Et 2 0)„ 

Be -I- HgMe 2 BeMe 2 + Hg 

Similar reactions may be used to make dialkyls and diaryls of Mg, Ca, Sr 
and Ba. The Ca, Sr and Ba compounds are much more reactive than the 
corresponding magnesium compound. The beryllium alkyls react with 
BeCl 2 to form ‘beryllium Grignard’ compounds. 

BeMe 2 4- BeCI 2 -► 2MeBeCl 

These are less reactive than the corresponding magnesium (Grignard) 
compounds. 


COMPLEXES 

Group 2 metals are not noted for their ability to form complexes. The 
factors favouring complex formation are small highly charged ions with 
suitable empty orbitals of low energy which can be used for bonding. All 
the elements in the group form divalent ions, and these are smaller than 
the corresponding Group 1 ions: hence Group 2 elements are better at 
forming complexes than Group 1 elements. Be is appreciably smaller than 
the others, and so Be forms many complexes. Of the others, only Mg and 
Ca show much tendency to form complexes in solution, and these are 
usually with oxygen-donor ligands. 
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Beryllium fluoride BeF 2 readily coordinates two extra F ions, form, 
ing the [BeF 4 ] 2 ” complex. The tetrafluoroberyllates M 2 [BeF 4 ] are well 
known complex ions, and resemble the sulphates in properties. In most 
cases beryllium is four-coordinate in complexes and the tetrahedral ar¬ 
rangement adopted correlates with the orbitals available for complex 

formation. 


Electronic structure of 
beryllium atom in 
the ground state 


Electronic structure of 
beryllium atom in excited state 


Electronic structure of 
beryllium atom in gaseous 
BeF 2 molecule 


Electronic structure of 
beryllium atom in [BeF^ 
complex ion 


is 


2a 


2 P 


0 0 



0 

18 2s 

_ 

2P 

0 0 

t 



Is 2s 


2p 

0 0 

u 



1 - 1 - 1 

two electron pairs - 

linear molecule 


(sp hybridization) 

is 2s 


2p 

0 0 

0 

*: 

: ^ 

* : 

: v 


four electron 
pairs from 
two covalent and 
two coordinate 
bonds - tetrahedral 
molecule 

(sp 3 hybridization) 


no unpaired 
electrons so 
form no 
covalent bonds 

two unpaired 
electrons, so 
can form two 
covalent bonds 

two fluorine atoms 
share electrons 
with the 

unpaired electrons 


two F ions 
each donate an 
electron pair 
into an empty 
orbital forming 
two coordinate 
bonds 


In a similar way complexes of the type BeCU • D 2 are formed (where D 
is an ether, aldehyde or ketone with an oxygen atom which has a lone pair 
of electrons that can be donated). These complexes, like [Be(H 2 0) 4 ]‘~ 
are tetrahedral. 

Many stable chelate complexes of Be are known, including beryllium 
oxalate [Be(ox) 2 | - , with P-diketones such as acetylacetone, and with 
catechol. In all of these the Be 2 * ion is tetrahedrally coordinated (see 
Figure 11.5b). 

A complex with an unusual structure called basic beryllium acetate 
[BejOfCHiCOO)*] is formed if Be(OH) 2 is evaporated with acetic acid. 
The structure comprises a central oxygen atom surrounded by four beryl¬ 
lium atoms located at the corners of a tetrahedron, with six acetate groups 
arranged along the six edges of the tetrahedron (see Figure 11.5a). This 
structure is one of a series with different organic acids replacing the acetate 








(a) 

Figure 11.5 (a) Basic beryllium 
complex [Be(ox> 2 ] 2 " 


(b) 

acetate Be 4 0(CH 3 C00 )( , (b) Beryllium 


oxalate 


group, and it is the same as the structure nf Kacin k* n* 

ll.lb). Basic beryllium acetate is soluble morganicsoWenT.'Vr' 6 (F ', gUre 

and thus has a fairly low melting point (285 «C) and boiling pointS*C)’ 

s;», * ,o ta . . . *“»-«*p-kS; 


Be compounds are said to taste sweet, but do not test this for yourself as 
they are extremely toxic. This is due to their very high solubility and their 
ability to form complexes with enzymes in the body. Be displaces Mg from 
some enzymes because it has a stronger complexing ability. Contact with 
the skin causes dermatitis, and inhaling dust or smoke causes a disease 
called berylliosis which is rather like silicosis. 


Magnesium forms a few halide complexes such as [NEt 4 ] 2 [MgCI 4 ], but 
Ca, Sr and Ba do not. 


From the viewpoint of life on this planet the most important complex 
formed by magnesium is chlorophyll. The magnesium is at the centre of 
a flat heterocyclic organic ring system called a porphyrin, in which four 
nitrogen atoms are bonded to the magnesium (see Figure 11.6). Chlo¬ 
rophyll is the green pigment in plants which absorbs light in the red region 
from sunlight, and makes the energy available for photosynthesis. In this 
process C0 2 is converted into sugars. 


6C0 2 + 6H ; 0 ch '° rophy ' ! > c 6 h, 2 0 6 + 60 2 

sunlight glucose 

Almost all life ultimately depends on chlorophyll and photosynthesis. The 
dioxygen in the atmosphere is a by-product of photosynthesis, and food¬ 
stuffs are either parts of plants, or animals which feed on plants. Though 
photosynthesis is commonly associated with higher plants, about half 
actually occurs in algae, and certain green, brown, red and purple bac- 
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tcria. The photosynthetic bacteria are anaerobic and are poisoned by 0-, 
These bacteria oxidize H 2 S to S, or oxidize an organic molecule instead of 
the usual reaction where H 2 0 is oxidized to 0 2 . 

Calcium and the rest of the group only form complexes with strong com- 
plexing agents. Examples include acetylacetone, CHj • CO • CH 2 •CO-CH, 
(which has two donor oxygen atoms), and ethylenediaminetetraacetic acid 
EDTA, which has four donor oxygen atoms and two donor nitrogen atoms 
in each molecule. The free acid H 4 EDTA is insoluble, and the disodium 
salt Na 2 H 2 EDTA is the most used reagent. 

Ca 2 * + [H 2 EDTA] 2 " (Ca(EDTA)) 2 " + 2H* 

EDTA will form six-coordinate complexes with most metal ions in 
solution provided that the pH is suitably adjusted. Since Be is invariably 
four-coordinate it does not complex appreciably with EDTA. In contrast 
calcium and magnesium complex with EDTA, and titrations are per¬ 
formed using EDTA in buffered solutions to estimate the amounts of 
Ca 2 * and Mg 2 * present to determine the ‘hardness’ of the water. EDTA 


ch=ch 2 ch 3 
I H | 





C 2 H 5 


ch 3 


(a) 


H00CCH ’\ rH x*CH ? cooh 

•N—CH 2 —CH a —N* 

HOOC CH 2 ' \ rw 

• 2 CH 2 C(X)H 


(b) 


(* = donor atom) 

Figure IM (.) Chlorophyll a. (b) E.hylened,amine,e.raacetic ac.d EDTA 
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DIFERENCES~BET\VpckT^—--- 

and other GROUP 2 ELEMENTS 

titrations of Ca 2 * and Mg’- are . 

many other metals (e g. Zn : \ Cd 2. ^ . p 0 K ^ at h 'gher pH than those of 

stable, and at lower pH values the Ftyta . * as ,heir complexes are less 

Ca or Mg complex forming. EDTA A “ P ro,ona <ed instead of the 

soften the water. Various polvnh,Jn^ me,lmeS added to de ‘ergents to 

solution, and this is also important Snuff '° nS also form com plexes in 

Stable solid complexes with crown .oh . so , ftenin 8- 

Details of these are given in Comnlnv„ ^ dnd Cryp,s have been isolated. 

Complexes crowns and crypts' in Chapter 9. 

BIOLOGICAL ROLE OF Mg 2 - AND Ca 2 - 

Mg :< ions are concentrated in animal cells a nH r >♦ 

in the body fluids outside the cell in murk .r. d C< * are concen,ra( ed 

trates inside the cell and N a - outside Mp ! ' Same . way ,hat K * «>ncen- 

ATP, and are constituents of phosDhnhv 8 | i '° nS f ° r . m 3 com P lex wi,h 

ases which are cnzvmes for r **,- ^ ^ ydro ascs and phosphotransfer¬ 
ases. wn.cn are enzymes for react.ons involving ATP and energy release 

They are also essential for the transmission of impulses along nerve bres 

Mg ts important ,n chlorophyll, in the green parts of pLts Ca 2 - is 

'mportant in bones and teeth as apatite Ca,(PCM : . and the enamel on 

teeth as fluoroapatite 3(Ca»(PCM^ • CaF 1 r 

., , , r . 1 ' n ^ ar 2 |- ions are important in 

blood dotting, and are required to trigger the contraction of muscles and 

to maintain the regular heating of the heart. 

DIFFERENCES BETWEEN BERYLLIUM AND THE OTHER 
GROUP 2 ELEMENTS 

Beryllium is anomalous in many of its properties and shows a diagonal 
relationship to aluminium in Group 13: 

1. Be is very small and has a high charge density so by Fajans* rules it 
has a strong tendency to covalcncy. Thus the melting points of its 
compounds are lower (BeF : m.p. 8(X)°C whilst the fluorides of the 
rest of group melt about 13(H)°CV The Be halides are all soluble in 
organic solvents and hydrolyse iA water rather like the aluminium 
halides. The other Group 2 halides are ionic. 

2. Beryllium hydride is electron deficient and polymeric, with multi- 

centre bonding, like aluminium hydride. 

3. The halides of beryllium are electron deficient, and are polymeric, 
with halogen bridges. BeCI; usually forms chains but also exists as the 

dimer. AlCh is dimeric. 

4. Be forms many complexes - not typical of Groups 1 and 

5. Be is amphoteric, liberating H 2 with NaOH and forming beryllates. 

Al forms aluminates. 

6. Be(OH) : , like AI(OH),. is amphoteric. 

7. Be. like Al. is rendered passive by " 1,r * ac,d , and 

S. The standard electrode ^ (hc ^ for Be is to the 
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9. Be salts are extensively hydrolysed. 

10. Be salts are among the most soluble known. 

11. Beryllium forms an unusual carbide Be 2 C, which, like Al 4 c 
methane on hydrolysis. 


yields 


There is plainly a diagonal similarity between beryllium in Group n 
aluminium in Group III. Just as was the case with lithium and magnesi^ 
the similarity in atomic and ionic sizes is the main factor underlvin Un1, 
relationship. ® 
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PROBLEMS 

I. Why are Group II elements smaller than their Group I counterparts? 

2 ' " T a ' S hardCr - and wh y do the y have higher melting 

points, than Group I metals? 6 

than other rrn aS °n W ^^ com P° un ds of Be are much more covalent 
man other Group II compounds? 

4 Whv'isVt-'n^ar H 0 '^ 6 B ?. Clj ,n ,he gaseous state, and as a solid? 
Why is BeCI. acidic when dissolved in water? 

5. Describe the difference in structure between BeH, and CaH : . 

6. Why do the halides and hydrides of Be polymerize? 






7 . What precautions are necessary when h Jr " - 

g. What are the usual coordinate " mg beryl,ium compounds? 
is the reason for the difference? " UmberS for and Mg J+ ? What 

9 . Compare the extent of hvdr«.m , 

Why do Be salts seldom contlin ™ ° r ? Up 1 and Group 2 halides 
of crystallization? " ,d ' n more «han four molecules 0 f wafer 

10. Give equations to show the rear,^ ■ 

H 2 . (c) C. (d) Nj. (e) 0 2 , (f) C | 2 N e ^ een Ca and: (i) H,0. (b) 

11. Compare the reaction with water of r 

How does the basic strength of Ground and Grou P 2 metals. 

j-wt * , re „ d , ypta „ re „ p „r%S”s c :“ in ,h ' 

11 °' mav ^ - -I-—.- 

(a) What causes each of these conditions and t „ 

/. v c* i tc S * an ^ ,ow ,s eac h treated 9 

(b) Find (from other literature sources! h „ 

zeolites, synthetic ion-exchange resins and L occurrin 8 

used for softening water. nd P °'yphosphates may be 

13. Do the alkaline earth metal innc fnrm ™ 

better or worse th in r r , l ,ny com Plexes? Are Group 2 

-.*• z s; 

at forming complexes? Which are the best complexim- aeems- Name 
one complex of a Group 2 meial which is of biological importance. 

14. Outline the preparation, properties, structure and use of basic beryl- 

hum acetate. y 
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15. Under what conditions do the Group 2 metal ions form stable com¬ 
plexes with EDTA? How are the amounts of Ca~* and Me 2 * present 
in water estimated by titration with EDTA? (Consult a practical text¬ 
book, e.g. Vogel). Are the EDTA complexes more or less stable than 
those of most other metal ions? Why is the titration performed at a 
high pH? What indicator is used? 

lb. Describe how you would prepare a Grignard reagent from Mg, and 
list five different uses of the reagent in preparative reactions. (Refer 
also to the section on silicones.) 

17. The four general methods of extracting metals are thermal decom¬ 
position, displacement of one element by another, chemical reduc¬ 
tion. and electrolytic reduction. How are Group 2 metals obtained 
and why are the other methods unsuitable? 

18. On treatment with cold water, an element (A) reacted quietly, lib¬ 
erating a colourless, odourless gas (B). and a solution (C). Lithium 
reacted with (B) yielding a solid product (D) which effervesced w'ith 
*ater to give a strongly basic solution (F). When carbon dioxide was 


y ocunoucuiiitM 
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bubbled through solution (C) an initial white precipitate (G) wa s 
formed, but this re-dissolved, forming solution (H) when more carbon 
dioxide was added. Precipitate (G) effervesced when moistened with 
concentrated hydrochloric acid, and gave a deep red coloration to 
Bunsen burner flame. When (G) was heated with carbon at 1000°C 
a caustic white compound (1) was formed, which when heated with 
carbon at 1000°C gave a solid (J) of some commercial importance 
Name the substances (A) to (J) and give balanced chemical equations 
for each of the reactions. 

19. When a white substance (A) was treated with dilute hydrochloric acid 
a colourless gas (B) was evolved, which turned moist litmus paper red 
On bubbling (B) through lime water a precipitate (C) was formed 
but passage of further gas resulted in a clear solution (D). A small 
sample of (A) was moistened with concentrated hydrochloric acid and 
placed on a platinum wire, and introduced into a Bunsen burner flame 
where it caused a green flame coloration. On strong heating (A) de¬ 
composed, giving a white solid (E) which turned red litmus paper 
blue. 1.9735 g of (A) was heated strongly and gave 1.5334 g of (E) 
The sample of (E) was dissolved in water and made up to 250 ml in 
a standard flask. 25 ml aliquots were titrated with acid and required 
20.30ml of 0.0985M hydrochloric acid. Name the compounds (A) to 

(E) inclusive, and give equations for all the reactions. Calculate the 
gram molecular weight of (A). 
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T.bfc 12.1 Electronic structures and oxidation states 


Element 


Boron 
Aluminium 
Gallium 
Indium 
Thallium 


_Electronic configuration Oxidation states' 


B 
A1 
Ga 
In 

m 


He l 2s 2 2 p' 

Ne l 3 j 2 3p 1 

fAr| 3d'° 4$ 2 4p* 
fKr) 4^'° 5^ 2 5p‘ 
(Xel4 f'*5d"' fa 2 6p' 

i sl r ° xida,i,,n s,a,es ,hi " - 


iii 
(i) hi 
i iii 
i in 
i hi 


GENERAL PROPERTIES 

Boron is a non-metal, and always forms covalent bonds. Normally it forms 
three covalent bonds at 120° using sp 2 hybrid orbitals. There is no 
tendency to form univalent compounds. All BX, compounds are electron 
deficient, and may accept an electron pair from another atom, thus forming 
a coordinate bond. BFj is commercially important as a catalyst. Boron also 
forms a large number of compounds in which the boron atoms form an 
open basket type of structure, and some which are a closed polyhedron. 
Other atoms such as carbon may be included in the polyhedron. The 
bonding in these compounds is of considerable theoretical interest, and 
involves multi-centre bonds. 

The four elements Al, Ga, In and Tl all form trivalent compounds. The 
heavier members show the ‘inert pair effect , and univalent compounds 
become increasingly.important in the order Ga —* In —► Tl. These four 
elements (Table 12.1) are more metallic, and more ionic, than B. They are 
moderately reactive metals. Their compounds are on the borderline 
between ionic and covalent. Many of their compounds are covalent when 
anhydrous, but they form ions in solution. 
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OCCURRENCE AND ABUNDANCE 

l” 

j l 

Boron is a fairly rare element, but it is well known because it occurs 
as concentrated deposits of borax Na 2 [B 4 05 ( 0 H) 4 ] • 8H 2 0 and kernite 
Na 2 [B 4 Os(OH) 4 ] • 2H 2 0. The largest deposits are in the Mojave desert 
(in California), and in Death Valley (in Utah). These are desert regions 
Over a long period of time, any rain has leached these alkaline salts from 
the hills into lakes in the valleys. These lakes have long since dried un 
leaving solid deposits on the surface from 10 to 50 metres deep The 
amount df crude borate minerals mined in 1993 - was 5.3 million tonnes 
The largest producers are the Soviet Union 53%, and the USA and 
Turkey 19% each. I 

Aluminium is the most abundant metal, and the third most abundant 
element (after, oxygen and silicon) by weight in in the earth’s crust It is 
well known and is commercially important. Aluminium metal is produced 
on a vast scale! Primary production was 19.4 million tonnes in 1992 and 
an additional 5 million tonnes is recycled. The most important ore of 
aluminium is bauxite. This is a generic name for several minerals with 
formulae varying between Al 2 0, • H 2 0 and Al 2 0, • 3H 2 0. World produc- 
.on of bauxite was 108.6 million tonnes in 1992. Aluminium also occurs in 

h' 8 ' a T mSalun, u inos j licate "^s s«ch as feldspars, and micas. When 
Uiese rocks weather they form clay minerals or other metamorphic rocks 

fe.dspa^mica a s Sy or 0 cla e y“ n0m,Cal me ‘ h0d ° f CX ‘ raC,in * a,Uminium from 

t 1 k 

Table 12.2 Abundance of the elements in the 
earth s crust by weight 


B 

A) 

Ga 

In 

Tl 


ppm 
9 

83000 

19 

0.24 

0.5 


Relative abundance 

38 
3 

33 = 

63 
60 


"“tool™ “ •»">». »» W-, aud thallium am 

Ga. la am, T,«S- “* 7 >-“ «***•• 
occur as concentrated ores and n ,r.i u„ Th ' S ' S partly ^c® 115 * ,he y do not 
them. Small amounts of Ga are I , bec ® use ,here are no major uses for 
to it in the periodic table (Al Zn anH . ,h l 0res of ,he e,eme nts adjacent 
ZnS and PbS ores. Production l i ' Traces of In and Tl are found in 
Te 14.5 tonnes in 1993 ,n W3S 145 ,onne s, Ga 28 tonnes, and 

EXTRACTION AND USES OF THE ELEMENTS 
Extraction of boron 


Amorphous boron of low purity (ca „e d Mo issa„ boron) is 


obtained by 
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reducing B 2 Oj with Mg or Na at a high temperatur^. IV is 95-98% pure 
(being contaminated with metal borides), and is black in\olour. 

Na,[B 4 05(OH)4] * 8H 2 0 H,Bp, B 2 0> Mg ° f - N ^B + 3MgO 

" hitfilX Oflhohorir urul \ 


,,C ' J it heal _ _ MgNil' 

-» H,BO,-* B 2 0i —-► 

orlhuhoric acid 


>B + 3MgO 


j t j s difficult to obtain pure crystalline boron, as it has a very hWh melting 
point (2180°C), and the liquid is corrosive. Small amounts ofVystalline 
boron may be obtained. \ 

1 By reducing BC1* with H 2 . This is done on the kilogram scale.\ 

2 Pyrolysis of BI* (Van Arkel method). \ 

3 Thermal decomposition of diborane or other boron hydrides. \ 

__ . red hot W or Ta filament __ , , I1 ~. \ 

2BCtj + 3H 2 -»2B + 6HCI \ 

__ red hot W or Ta filament __ , \ 

2B1*->2B + 3I 2 > 

Van Arkel 

B 2 H h -^2B + 3H; 


Uses of boron 

An important use of boron is to make boron steel or boron carbide control 
Sluder Boron has a ...» h*lr ere,-see k*. lor capur-nr, 

neutrons Control rods made of boron steel or boron carbide may oe 
lowered into a reactor to absorb neutrons and thus slow Je reactor down^ 
Romn carbide is also used as an abrasive. Boron is used to make impact 
resistant steel, as it increases the hardenability (that is the depth to w ic 

w r«ft?B?o:;oH)d-8H 2 o. ^ «* *** ^ s 

sesquioxide B.O, find many uses. The ^ f 0 J| e '^ SA) and perborates for 

fibreglassfor insulation and texnle ( of bofax was roughly 2.2 

detergents (35 /. iri Europe), wo P Borax js used as a flame 

million tonnes in 1992 (USA 45 5^ Na0H and sold as Polybor' 

retardant for fabric and wood, an -Hhnard aeainst attack bv wood- 

..d -Timbo,' for S“ si**,. 

boring insects. Borax is used as n the surface of hot brass). 

The borax reacts with oxides (such as Cu 2 Oon the^surta^ ^ ^ 

the borates so formed melt, and a and j n leather tanning, 

solder. Borax is also used in making . Qres wit |, sulphuric acid. 

Orthoboric acid is made by trea i g Reaction of HjBOj with 

About 211000 tonnes were made in . bab)y has the structure 
H 2 0, gives the mono peroxooonc a - , B ^ 0 ,),(OH) 4 ] • 6H 2 0 is a 
KHO)jB(OOH)]. Sodium pwo**®?**^^ powders, particularly in 
constituent of many detergents r tain 20 % of sodium peroxo- 

Europe, where washing powders may continued overleaf 
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/ il . . , ic a World production is 550000 tonnes/ 

borate. It is used/les? in the V • beca „ se they absorb UV light and 
year. Peroxobor^tes act as brig • and c0 | 0U red fabrics appear 

emit visible ligWt. This makes 80°C peroxoborates decompose 

extra bright. If/ised at temperatures over 80 Up^ 

to hydrogen ffcroxide Hg):. whwh ^ borosj , icate (heat resistant) 

Boron sesfluioxide BjU.i 1S u 0 » Borosilicate glass has a lower 

glass (e.g. P^rex which contains 14/» BjW ^ ^ lhan norma , lJoda 

"Eof '£S£m bo»» W" 1 “ ” ak ' sodl - fr " 8ll “ 

«bre. »t&°s uwd for tfcnrial insulation »i 


9 

f tion of aluminium 

"‘rov 0b AI(OHMAI 2 o!-3H 2 0) U One hundred anddght milHon 
’were mined in 1992. The largest sources are Australia 37%. Guinea 

Jamaica 10% and Brazil 9%. . 

to,Jep is to purify the ore. In the Bayer process, waste materials 

/(mainly "on and silicon compounds) are removed because these would 

spoil the properties of the product. NaOH is added to the ore. and as Al is 

amphoteric ^dissolves, forming sodium aluminate. S.0 2 also dissolves as 

silicate ions. Any insoluble waste materials, particularly iron oxide. are 

removed by filtering. Next, aluminium hydroxide is precipitated from the 

strongly alkaline aluminate solution. This may be done either by bubbling 

/ in some C0 2 (an acidic oxide which lowers the pH), or by seeding the 

solution with Al 2 0 3 . The silicate ions remain in solution. The A KOH) 3 

precipitate is calcined (heated strongly) which converts it to purified 

A1 2 0 3 . a , _ . 

Aluminium is usually extracted by the Hall-Htroult process. A1 2 0 3 is 

melted with cryolite Na 3 [AlF 6 J, and electrolysed in a graphite lined steel 
tank, which serves as the cathode. The anodes are also made of graphite. 
The cell runs continuously, and at intervals molten aluminium (m.p. 
•660°C) is drained from the bottom of the cell and more bauxite is added. 
Some cryolite is mined as a mineral in Greenland, but this is insufficient to 
meet the demand for it, and most is made synthetically. 

Al(OH) 3 + 3NaOH + 6HF — Na 3 [AlF 6 ] + 6H 2 0 

Cryolite improves the electrical conductivity of the cell as A1 2 0 3 is a poor 
conductor. In addition, the cryolite serves as an added impurity and lowers 
the melting point of the mixture to about 950°C. Other impurities such as 
CaF 2 and A1F 3 may also be added. (A typical electrolyte mixture is 85% 
Na 3 [AlF 6 J, 5% CaF 2 , 5% A1F 3 and 5% A1 2 0 3 .) Various products are 
formed at the anodes, including 0 2 , C0 2 , F 2 and carbon compounds of 
fluorine. These erode the anodes, which must be replaced periodically- 
The traces of fluorine formed cause serious corrosion. Large amounts of 
Li 2 C0 3 are now used as an alternative impurity, because this reduces 
corrosion. Energy consumption is very high, and the process is only econ- 




omic where there is a source of rh.« . 

power. p electricity, usually hydroelectric 

Uses of aluminium 

Aluminium metal is moderately soft . . 

stronger when alloyed with other metak ,. wea * when P ure - but is much 

(low density 2.73gem' 3 ). Some allow am ^H d r an * a8e “ itSUghtness 
duralumin which contains about 4% r„ sed for special P ur P°ses: 
(alloys of Cu and A1 with other metals such"*, a,uminium bronzes 
produced in the largest quantity is iron/steel nn S ",r" d The me,a * 
but production of aluminium is the second la JIJ! ,0 . n tonnes in 1992) 
was 24.4 million tonnes in 1991. made ud OM94 'll 3 productlonof A1 

Ste" t^USA mli 

and its alloys: CrC * re many uses for alum,num 

1 . As structural metals in aircraft, ships, cars, and heat exchangers. 

2. In buildings (doors, windows, cladding panels and mobile homes). 

3. Containers.such as cans for drinks, tubes for toothpaste etc. and metal 
foil. 

4. For cooking utensils. 

5. To make electric power cables (on a weight for weight basis they 
conduct twice as well as copper). 

6 . Finely divided aluminium powder is called 'aluminium bronze’, and is 
used in preparing aluminium paint. 

It has been assumed for many years that Al?* is completely harmless and 
non-toxic to humans. Al(OH) 3 is widely used as an anti-acid treatment for 
indigestion. A 1 2 (S 04) 3 is used to treat drinking water, and cooking utensils 
are made of aluminium. However, there are indications that aluminium 
may not be as harmless as was once thought. Aluminium is acutely toxic to 
people with kidney failure, who are unable to excrete the element. Patients 
suffering from Alzheimer’s disease (which causes senility) have deposits of 
aluminium salts in the brain. This element, though toxic, is normally 
excreted very efficiently. Any abundant element will inevitably be taken up 
by plants and then by animals, and in general the biosphere either makes 
use of elements (in which case they are classed as essential) or positively 
rejects them. Elements are hardly ever lexicologically neutral. 

• ' 1 

Gallium, indium and thallium 

Traces of gallium are found in fhel^ntiS 

1/5000. During the Bayer process f p * f ases t0 a bout 1/250. Ga is 
of Ga in the alkaline solutionf^iJon. Indium and thallium occur in 
extracted by electrolysis of thw The$e sulphid<f ores are roasted 

minute quantities in ZnS and Pb continued overleaf 


363 




Scanned by (JamScanner 


364 


THE GROUP 13 ELEMENTS 


with air in a smelter, to convert them to ZnO and PbO. The Ga and In are 
recovered from the flue dust, and they are extracted by electrolysis of 
aqueous solutions of their salts. 

The metals are soft, silver coloured and reactive. They dissolve in acids 
There are no large scale uses for Ga, In or Tl, but small amounts of Ga are 
used to dope crystals to make transistors. Semiconductor manufacture 
requires ultra-high-purity Ga. This is obtained by zone refining. Gallium is 
also used in other semiconductor devices. Gallium arsenide GaAs is iso. 
electronic with Ge, and is used in light-emitting diodes (LEDs) and laser 
diodes. There is a lot or research into using GaAs to make memory chiDs 
for computers, since these work 5 to 10 times faster than those made from 
silicon. Indium is used to dope crystals to make p-n-p transistors, and in 
thermistors (InAs and InSb). It is also used in low melting point solder 

(commonly used to solder semiconductor chips) and other low meltino 
alloys. ® 




OXIDATION STATES AND TYPE OF BONDS 
The (+III) oxidation state 

The . e ' enlen « al1 have ,hree outer electrons. Apart from Tl they normalh 
use these to form three bonds, giving an oxidation state of (+III) Are the 
bonds ionic or covalent? Covalency is suggested by the following 

;■ ssita - - * 

” l ’“ h " “»• *» I and 2. and 

large. * °‘ her e ' emen,S thc diff «ence is not likely to be 

higher ionization energy th^nlhVmhe^Th^' e ' emen,S and ,hus has a 
that B is always covalent. ^ 'onization energy is so high 

G.c!" »“wtTEtrtLl” "Ilf 1 "'” 8 such as AICI, ad 

*-> * *1.0>. In and Tl 

I s mo * t favourable in terms of enerev "tI, fo ™ ed depends on which 
tome happens because the ion« 9 « u j llus chan 8 e from covalent to 
tion energy evolved exceeds ^ . rate< ^* an< * the amount of hydra* 

5137kJmo|-are required to '°"? ,i0n Consider AICI,: 

-4665 kJ mol- and IT" l ° Al * for Al 3 * is 

hydration energy is; y *‘" on f ° r Cl ,s “381 kJmol- Thus the total 

-4665 + (3 x -381) * - 5 808kJmol- 
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]S* 


This exceeds the ionization energy, so AIC1-, ionizes in solution. 

The hydrated metal ions have six molecules of water which are held very 
strongly in an octahedral structure [M(H 2 0) 6 | 3 *. The metal-oxygen 
bonds are very strong. This weakens the O—H bonds, and protons are 
released to neighbouring water molecules, forming H 3 0 + (hydrolysis). 

H 2 0 + [M(H 2 0) 6 ] 3+ [M(H 2 0) 5 (0H)1 2+ + h 3 o + 


The (+1) oxidation state - the ‘inert pair effect* 


In the j-block. Group 1 elements are univalent, and Group 2 elements are 
divalent. In Group 13 we would expect the elements to be trivalent. In 
most of their compounds this is the case, but some of the elements show 
lower valency states as well. There is an increasing tendency to form 
univalent compounds on descending the group. Compounds with Ga(l), 
In(I) and T1(I) are known. With Ga and In the ( + 1) oxidation state is less 
stable than the ( + III) state. However, the stability of the lower oxidation 
state increases on descending the group. TI(I) thallous compounds are 
more stable than TI(III) thallic compounds. 

How and why does monovalency occur? The atoms in this group have an 
outer electronic configuration of s 2 p l . Monovalency is explained by the s 
electrons in the outer shell remaining paired, and not participating in 
bonding. This is called the ‘inert pair effect*. If the energy required to 
unpair them exceeds the energy evolved when they form bonds, then the s 
electrons will remain paired. The strength of the bonds in MX 3 compounds 
decreases down the group. The mean bond energy for chlorides are 
GaCl 3 = 242, InCI 3 = 206 and TICI 3 = 153kJ mol"'. Thus the 5 electrons 

are most likely to be inert in thallium. 

The inert pair effect is not the explanation of why monovalency occurs in 
Group 13. It merely describes what happens, i.e. two electrons do not 
participate in bonding. The reason that they do not take part in bonding is 
energy . The univalent ions are much larger than the trivalent ions, and 
(+1) compounds are ionic, and are similar in many ways to roup 


elements. , _ 

The inert pair effect is not restricted to Group 13. but also occurs am g 

the heavier elements in other groups in the p-block. xamp es 

14 are Sn 2+ and Pb 2 \ and examples from Group 15 are Sb and B, • 

The lower oxidation state becomes more stable on reducing 

TTtus Sn 2+ is a reducing agent but Pb 2+ ts stable and Sb s » 
agent but Bi 3+ is stable. When the s electrons r^am patred. the ox, 
sate is always two lower than the usual oxidations ^ Groups 

Thus in the s-block, Groups 1 and 2 show only ,he gr ®“ P of , wo Y Va riabk 
,n ,he P-block show variable valency, dif e™g^ ^ afjses from using 
valency also occurs with elements in th 'a. casc the valency can 

different numbers of d electrons for bonding.» m ™* 

change in steps of one (e.g. Cu* and Cu , 
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The large difference in size between B and Al results in many differences 
in properties. Thus B is a non-metal, has a very high melting point, always 
forms covalent bonds, and forms an acidic oxide. In contrast. Al is a metal, 
has a much lower melting point, and its oxide is amphoteric. (It is safe to 
generalize in this way. but unsafe to argue quantitatively that Al is twice 
the size of B ,+ or that the metallic radii differ by a factor of 1.6. as B 
does not exist, and B is not a metal.) 

ELECTROPOSITIVE CHARACTER 

The electropositive or metallic nature of the elements increases from B 
to Al, but then decreases from Al to Tl. This is shown by the standar 
electrode potentials for the reaction: 

M 3 * + 3e —► M 

The increase in metallic character from B to Al is the usual trend on 
descending a group associated with increasing size. However, Ga, In an 
Tl do not continue the trend. The elements are less likely to lose electrons 
(and are thus less electropositive), because of the poor shielding by 
electrons described previously. 
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The standard electrode potentials E° for M 3+ Im k* . 
from A1 to Ga to In and the Dotemiai k M become ,ess negative 
AC = ~nFE° it follows that AC the f ° r ^ ^ 

metal, e.g. Al 3+ + 3e — A1 is positive ^Th ° f forma,ion of the 

reaction ‘work. (The reve£ “ * mak ' - 

neously.) The standard potential becomes less negative on 
group so it becomes less difficult for the reaction M 3+ _ w, i' h 

die (+III) oxidation state becomes less stable! a^uels 
descending the group. In a similar way, the £• values for M + |M show that 

!£ C ( 1 ) r!!m'| nCreaSeS in S,ability - Wi,h Tl - the < +I > slate is "><*e stable 
than the (-I-III) state. 

It should be remembered that in this type of argument E° and AG 
refer to the reaction with H 2 : 

Al 3 + + 3H 2 -> A1 + 3H + 


IONIZATION ENERGY 

The ionization energies increase as expected (first ionization energy < 
second ionization energy < third ionization energy). The sum of the first 
three ionization energies for each of the elements is very high. Thus boron 


Table 12.7 Ionization en ergies _ 

Ionization energy 
(kJ mol -1 ) 
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has no tendency to form ions, and always forms covalent bonds. The other 
elements normally form covalent compounds except in solution. 

The ionization energy values do not decrease smoothly down the group 
The decrease from B to Al is the usual trend on descending a group 
associated with increased size. The poor shielding by d electrons and the 
resulting deblock contraction affect the values for the later elements. 



REACTIONS OF BORON 

Pure crystalline boron is very unreactive. However, it is attacked at high 
temperatures by strong oxidizing agents such as a mixture of hot con¬ 
centrated H 2 S0 4 and HN0 3 , or by sodium peroxide. In contrast, finely 
divided amorphous boron (which contains between 2 % and 5 % cf im¬ 
purities) is more reactive. It burns in air or dioxygen, forming the oxide It 
also bums at white heat in dinitrogen, forming the nitride BN. This is a 
slippery white solid with a layer structure similar to graphite. Boron also 
bums in the halogens, forming trihalides. It reacts directly with many 
elements, forming borides, which are hard and refractory. It reduces 
strong HN0 3 and H 2 SC ) 4 slowly, and also liberates H 2 from fused NaOH. 


nitride. 


Reaction 

Comment 

4B + 30 2 2 & 2 O 5 

At high temperature 

2B + 3S -» B 2 Sj 

At 1200°C 

2B + N 2 — 2BN 

At very high temperature 

2B + 3F 2 — 2BFj 

2B + 3CI 2 -» 2BCI] 

2B + 3Br 2 —»2BBr } 

2B + 3I 2 — 2BI 3 

At high temperature 

2B + 6 NaOH2NajBO, + 3H 2 

When fused with alkali 

2B + 2NHj — 2BN + 3H 2 

At very high temperature 

B + M — M,B, 

Many metals form borides (not Group 1) 
often nonstoichiometric 


REACTIONS OF THE OTHER ELEMENTS 
Reaction with water and air 

The metals Al, Ga, In and T1 are silvery white. Thermodynamically Al 
should react with water and with air, but in fact it is stable in both. The 
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1*1*1* 119 Some reac ’ 10 ^ Of the oth er Group ,3 

Reaction 


metals 


4M + 302 —* MjOj 


MI + Nj —2A1N 


2 M + 3F 2 -»2MFj 
2M + 3G 2 -* 2MQ] 

2M + 3Br 2 —► 2MBr j 
2M + 3I 2 -» 2MIj 
ni + i 2 ->THi 2 }- 

2 M + 6 HQ—» 2 MCI 3 + 3H- 


A1 + NaOH + H 2 0-» NaAI0 2 + H 2 
_NajAIOj + H 2 

M -l- NH, -» MNH 2 


Comment 

Ga n „ 7 „ Rly exo 'hermic 
only supeificially oxidized 

Ti forms some n,Q as w ell 
° nly Al at h 'gh temperature 


Tl* also formed 


All the metals 
form 
trihalides 
Al, Ga, In only 
thallium(I) triiodide formed 

All react with dilute mineral adds, Al 
passivated by HN0 3 particularly when 
concentrated 

Al and Ga only 


All the metals form amides 


reason is that a very thin oxide film forms on the surface and protects the 
metal from further attack. This layer is only 10 " 4 to 10" 6 mm thick. If the 
protective oxide covering is removed, for example by amalgamating with 
mercury, then the metal readily decomposes cold water, forming A1 2 0 3 
and liberating hydrogen. 

Aluminium articles are often ‘anodized’ to give a decorative finish. This 
is done by electrolysing dilute H 2 S0 4 with the aluminium as the anode. 
This produces a much thicker layer of oxide on the surface (10 ~ 2 mm). This 
layer can take up pigments, thus colouring the aluminium. 

Aluminium burns in dinitrogen at high temperatures, forming AIN. The 
other elements do not react. 


Reaction with acids and alkalis 

Aluminium dissolves in dilute mineral acids liberating hydrogen. 

2AI + 6HCI 2A1 3 * + 6Cr + 3H 2 

However, concentrated HNO, renders the metal passive because it is an 
oxidizing agent and produces a protective layer of oxide on the surface. 

AI • • , A- JLc in anueous NaOH (and is therefore amphoteric), 

Aluminium also dissolves in aqueous f na(ure ^ a , U[ninales is 

liberating hydrogen and forming alum l 

discussed later.) 

2AI ♦ 2N.OH ♦ 6H,Q- 2N.AI(0H) ; «(2N.A10 ! .2H ! 0) ♦ JH, 


Scanned by CamScanner 


THE GROUP 13 ELEMENTS 


Reaction with dioxygen 

Aluminium burns readily in air or dioxygen, and the reaction is strongly 
exothermic. This is known as the Thermite reaction. 

2AI (S) + JO*,, -*> Al 2 0 3(s) + energy A H° = -1670kJ 

The Thermite reaction evolves so much energy that it can be dangerous 
The aluminium becomes white hot, and often causes fires. For this precise 
reason mixtures of Al and an oxide such as Fe 2 0 3 or Si0 2 (to provide 
the oxygen) were used to make incendiary bombs during World War II 
Warships are sometimes made of aluminium alloys to reduce their weight 
A thermite reaction can be started if the ship is hit by a missile. Such fires 
on ships caused considerable casualties in the Falklands Islands conflict 
The very strong affinity of Al for oxygen is used in the metallurgical 
extraction of other metals from their oxides. 

8A1 + 3Mn 3 0 4 — 4AI 2 0 3 + 9Mn 
2AI + Cr 2 0 3 Al 2 0 3 + 2Cr 

Reaction with the halogens and sulphate 

Aluminium reacts with the halogens quite readily, even when cold, 
forming trihalides. 

Aluminium sulphate is used in large amounts ( 3.7 million tonnes in 
1991). It is made by treating bauxite with H 2 S0 4 . It is used as a coagulant 
and precipitant in treating both drinking water and sewage. It is also used 
in the paper industry, and as a mordant in dyeing. 

Alums 

Aluminium ions may crystallize from aqueous solutions, forming double 

n\ S fr A 3 ."/ 6 . . C3 ' led a ^ umln ' ur p alums and have the general formula 
K ( H 2 ®WlMH 20 ) ft J(S 0 4 ) 2 . M is a singly charged cation such as Na*. 
or _ *'. e cr y s,als are usua,| y l ar gc octahedra, and are extremely 

firru rkvlr* im P° r,anI ' n some applications. Potash alum 

|K(H2 °) a ][A | (H 2 0 ) 6 )(SO 4 ) 2 is-used as a mordant in dyeing. In this 
application Al is precipitated as AI(OH), on cloth to help the dyes bind 
to the cloth as aluminium complexes. It is essential that Fe 3 * is absent 
in order to obtain the 'true' bright colours. Double salts break up in 

f S Airu > rt\ ,l |'° the,r cons,itu f m ions - Crystals are made up of [M(H 2 0) 6 ]*. 

I I 2 IisJ and two S0 4 ions. TTie ions are simply the right size and 
charge to crystallize together. Some M" ions other than Al'* also form 
a urns of formula (M (H 2 0) 6 J[M ,l, (H 2 0) A ](S0 4 ) 2 . The most common tri- 
valent ions are Fe * and Cr ,+ . but others include Ti'*. V’*. Mn’*, 
Co’*, In’*. Rh’*. Ir’* and Ga’*. 
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Cement 


Aluminium compounds, partic I 

very important as constituents of alumina,e Ca 3 AI 2 0 6 , are 

formula of tricalcium aluminate k h a " d and hlgh alumina cements. The 

contains 12-membered rings of Si_' vr ' ,,en Ca 9 (AI 6 0| g J, because it 

tetrahedra. Portland cement is maH „T u ° made b > i oinin g six AI0 4 
limestone (CaCO,) with sand fSiO \ h ? atlng ,he corre ct mixture of 

temperature ofl 450-1600 °C in a rot Clay ( a,um '"°silicate) at a 

water Portland cement sets to eive J? , ' When m '*ed with sand and 

similar in appearance to Portland c J e,e ’ ahard whitish insoluble solid, 
quarried on Portland Bill in Dorset F^i ^°. rtland s,one is limestone 

w~»c*o. 2 h.o is .ddM Si " ** - » - 

setting greatly increases the streneth ti,,. " * h ett,ng P rocess - as slow 

given m terms of the oxides A tvnLT^ cornposmon of cement is usually 

CaO 70%. Si0 2 20%. Al 2 0 3 5%, Fe^f CaSO So^TM 
world production of cement was no* min ♦ . 2H 2° 2/o - Tota * 

of which was Portland cemlnT " t0n " eS W3 ’ about 70% 

High alumina cement is made by fusing limestone and bauxite with small 
amounts of Si0 2 and Ti0 2 at 1400-1500°C in either an open hearth 
furnace or a rotary kiln. High alumina cement is more expensive than is 
Portland cement, but has one major advantage over Portland cement - it 
sets much quicker and develops high strength within one day. It is used to 
make beams for bridges and buildings. High alumina cement has good 
resistance to sea water and dilute mineral acids. It withstands temperatures 
up to 1500 C and so may be used with refractory bricks in furnaces. A 
typical analysis of high alumina cement is CaO 40%, Al 2 0 3 40%, Si0 2 
10%, Fe 2 0 3 10%. There has been much publicity over structural failures of 
beams made of high alumina cement. Failure Is due to prolonged exposure 
to hot wet conditions, or using too much water when mixing the sand and 
cement. This latter results in it setting too quickly and thus not having time 
to crystallize properly. 


Reactions of Ga, In and T1 

Gallium and indium are stable in air and are not attacked by water unless 
free oxygen is present. Thallium is a little more reactive and is superficially 
oxidized by air. All three metals dissolve in dilute acids, liberating hydro¬ 
gen. Gallium is amphoteric like aluminium, and it dissolves in aqueous 
NaOH. liberating H 2 and forming gallates. The oxides and hydroxides of 
Al and Ga are also amphoteric. In contrast, the oxides and hydroxides of 

In and T1 are purely basic. 

All three metals react with the halogens on gentle warming. 


SOME PROPERTIES OF THALLIUM(l) 

Thallium,,| o, ih.llous compou.d, are «« 

colourless. They are also extremely poisonous. When ingested, traces 
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the hair very black, but larger doses cause loss of hair and death. They are 
toxic because they upset the enzyme systems in the body. 

In aqueous solution the TT ion is much more stable than TI(III). The 
ionic radius of TT*’ (1.50A) is between that of K + (1.38A) and 
Rb+ (1.52 A). For this reason TT resembles Group 1 ions in a number of 
ways. TIOH and Tl 2 0 are both soluble in water, and are strongly basic. 
They absorb CO z from the air, forming TI 2 C0 3 . The solubility of most of 
the salts is slightly lower than for potassium salts. Tl* can replace K + in 
some enzymes, and can thus be used as a biological tracer in the body. 
There are some differences. TIOH is yellow, and on heating to 100°C it 
turns into black Tl 2 0. The coordination number of TT is usually 6 or 8. 
compared with 6 for Group 1 ions. TIF is soluble in water, but the other 
halides are almost insoluble. There is. also some similarity with Ag + , as 
TIC1 is sensitive to light. It darkens when exposed to light rather like AgCI, 
but TIC1 is not soluble in NH 4 OH whilst AgCI is soluble. 


COMPOUNDS OF BORON AND OXYGEN 
Boron sesquioxide and the borates 

These are the most important compounds of boron. Sesqui means one and 
a half, so the oxide should have a formula MO^, or M 2 0 3 . All the 
elements in the group form sesquioxides when heated in dioxygen. B 2 0 3 
is made more conveniently by dehydrating boric acid: 

h 3 bo 3 - * hbo 2 » b 2 o 3 

orthoboric metaboric boron 

acid add sesquioxide 


B 2 0 3 is a typical non-metallic oxide and is acidic in its properties. It is 
the anhydride of orthoboric acid, and it reacts with basic (metallic) oxides, 
forming salts called borates or metaborates. In the borax bead test, B 2 0 3 
or borax Na 2 [B 4 0 5 (0H)4] • 8H 2 0 is heated in a Bunsen burner flame with 
metal oxides on a loop of platinum wire. The mixture fuses to give a glass¬ 
like metaborate bead. Metaborate beads of many transition metals have 
characteristic colours, and so this reaction provides a means of identifying 
the metal. This simple test provided the first proof that vitamin B 12 
contained cobalt. 


CoO + B 2 0 3 -► Co(B0 2 ) 2 

cobalt inelaborate (blue colour) 

However, it is possible to force B 2 0 3 to behave as a basic oxide by 
reacting with very strongly acidic compounds. Thus with P 2 0 5 or As 2 C> 5 , 
boron phosphate or boron arsenate are formed. 

B 2 0 3 + P 2 0 5 — 2BP0 4 
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Orthoboric acid H,BO, , s soluble 

monobasic acid. It does no. donate protonf,^ and behav « as a weak 
accepts OH . It is therefore a Lewis acid L l" 10 ’* acids ' but father it 

B(OH ) 3 + 2H 2 0 ^ Hj O* + , R et,er wr ' ,,en as B(OH), 
(H 3 BOj] 3 ° + ( b (OH) 4 ]~ 


P* = 9.25 


OH 


B 

/ \ 

HO OH 

plane triangle 


HO OH 

\ / 

B 

/ \ 

HO OH 

tetrahedral metaboratc 


ion 


Polymeric metaborate species are formed at higher 
example: 6 


concentrations, for 


fSSoj = H ’°' * |B »°>< OH >-|- * H.O p K . 6 M 


HO 

\ 

B—O OH 

/ \ / 

O B 

\ / \ 

B—O OH 

/ 

HO 


375 


} 


I 


Acidic properties of H3BO3 or B(OH) 3 

Since B(OH )3 only partially reacts with water to form H 3 0 + and 
[B(OH) 4 ]“, it behaves as a weak acid. Thus H 3 BO 3 or (B(OH) 3 ) cannot be 
titrated satisfactorily with NaOH, as a sharp end point is not obtained. If 
certain organic polyhydroxy compounds such as glycerol, mannitol or 
sugars are added to the titration mixture, then B(OH ) 3 behaves as a strong 
monobasic acid. It can now be titrated with NaOH, and the en point 
is detected using phenolphthalein as indicator (indicator c anges at p 

8.3-10.0). 

B(OHl, ♦ NaOH = JJWOHWy, 

sodium metaboratc 


w added compound must be a c«-.h° 1 ' ^adjacent carbon atoms in 
“* .ay. (This m.ane .ha. i. has ‘^“omplese, and. .he 

e cis configuration.) The cw-diol form y 
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. u .h* forward reaction above, thus effectively remov. 
(B(OH) 4 | formed by t n revers jble. Thus removal of one of th e 

mg it'from solunon. Th ualion ups ets the balance, and the 

products at the ngWhancIs * ® < Thus a|| , he B(OH) , reacts wi, h 

Cng in .1. P— o. ,he « 

r i I - i 


—C—OH 


—C—OH 


HO OH 

\ / 

B 

/ \ 

HO OH 


-2H.O 


C—O OH 

\ / 

B 

/ \ 


—C—O 


OH 


HO—C— 


+ 


OH —C— 


-2HnO 

-•-* 


—c—o o—c 

\ / 

B 

/ \ 

—c—o o—c 


Structures of borates 

In the simple borates, each B atom is bonded to three oxygen atoms, 
arranged at the corners of an equilateral triangle. This would be predicted 
from the orbitals used for bonding. 


Electronic structure of 
boron atom - ground state 

Electronic structure of 
boron atom - excited state 


three singly occupied orbitals form bonds 
with three oxygen atoms - shape 
plane triangle ( sp 2 hybridization) 




Thus orthoboric acid contains triangular BO^ units. In the solid the 
B(OH )3 units are hydrogen bonded together into two-dimensional sheets 
with almost hexagonal symmetry. (See Figure 12.3.) The layers are quite a 
large distance apart (3.18 A), and thus the crystal breaks quite easily into 
very fine particles. At one time orthoboric acid was used as a mildly anti¬ 
septic talcum powder for babies, because it forms a fine powder. It is no 
longer used since it sometimes caused a rash. 

The orthoborates contain discrete BO}~ ions, and examples include 
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compou nds of boron and oxygen 



Figure 12.3 Hydrogen bonded structure of orthoboric acid. 
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Mg 3 (B0 3 ) 2 and the lanthanide orthoborates Ln n, B0 3 . In the metaborates 
simple units (B0 3 planar triangular units or B0 4 tetrahedra) join together 
to form a variety of polymeric chain and ring structures (see Figure 12.4). 

Thus two triangular units join by sharing one comer in Mg 2 [B 2 0 5 ] and 
Co [B 2 Os]. These are called pyroborates by analogy with pyrophosphates. 
Three triangular units share corners and form a ring in sodium and 
potassium metaborates NaB0 2 and KB0 2 (Figure 12.4b) which are better 
written Na 3 [B 3 0 6 ] and K 3 [B 3 0 6 ]. Many triangular units may polymerize 
into an infinite chain, e.g. as calcium metaborate [Ca(B0 2 ) 2 ]„ (Figure 
12.4a). 

In a similar way discrete tetrahedral units are found in Na 2 [B(OH) 4 ]CI 
and Ta v B0 4 . Two tetrahedra may join by sharing one corner, as in 
Mg[(HO) 3 B • O • B(OH) 3 ). Other structures form rings, chains, sheets and 
three-dimensional polymers. 

Some interesting structures including both triangular and tetrahedral 
units are formed when polymerization occurs. The spiro compound 
K(B 5 0 6 (OH) 4 ] (Figure 12.4c) contains one tetrahedral unit and four 
triangular units. Borax is usually written as Na 2 B 4 07 • 10H 2 O but is actually 
made from two tetrahedra and two triangular units joined as shown 
(Figure 12.4d) and should be written Na 2 [B 4 0 5 (0H) 4 ) • 8H 2 0. 


Borax 


The most common metaborate is borax N»rfB«Os(OH)«] • 8H 2 0. It is a 
useful primary standard for titrating against aci s. 




u^rtriangul^oTunL 50 ^ (a) Me,abora,e chain [Ca(B0 2 ) 2 ]„ mi 

B0 3 units*(c) CompIex^me^aborate^lOR " ade up of triangu 

made up of four trianeular BO K ^ 5 °^ OH )4] called the spiro anion 
(NajlB.OsfOHU Sh? 0 " ,tS ^ 0ne ,etrahedra l BO. unit, (d) Bo 

This ion is [BdO.(OH).r~ and th U ^.k^ tW ° tdan 8 u l ar and two tetrahedral un 
metal ions. * W * 3nd ,he 0,her " a ‘« molecules are associated with 


t"a 2( B 4 u 5 (OH) 4 j • 8H 2 0) 




2NaCI + 4 H 3 BO 3 + 5H 2 0 


-- 1 Jiljv/ 

to detect the end ptdn^^thie'reaab Mk aCid T1 ' US ,hc in<,ica,0, l 

* HjBOj. M«,h,ro„" o'rr ; tai is -r 

range 3.1-4.4. y used » w ™ch changes in the 

One mole of borax reacts with two moles of arid m. u 
borax is dissolved in water both B(OH), and Rfnn? 1 ,- S * be , cause J w 
only the [B(OH) 4 J-reacts with HCI |B(OH)d I are formed. 
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[B 4 0 5 (OH) 4 ] 2 - 4 . 51 . pi 

2(B(OH).|“ ♦ 2 Hl o* : 2 £2 1 4 '„ B( 0 OH,J ' 

The last reaction Will titrate at dH q 7 . 2 

ca. 8 Borax is also used as a buffer sWe ? ' ndiCat0r mus ‘ have P* a < 
equal amounts of weak acid and its sa |, $ aqUeous “'“‘ion contains 

Sodium peroxoborate 

Large amounts of sodium peroxohnr . 

tion is about 550000 tonnes/year Ther p t>roduced ’ and w «rld produc- 
methods: year "‘ere are two ma i n preparative 

1. Electrolysis of a solution of sodium bora.. <„ . • • 

2 - -—-Ssssw: Sffit 

ion, inelaborate " 2 ° 2 + 6H2 ° Na 2[(°H) 2 B(0—0) 2 B(0H) 2 | • 6H 2 0 

sodium peroxoborate 

HO O—O OH lJ - 

\ / V/ 

B B 

/ \ / \ 

HO 0—0 OH 

peroxoborate ion 

Sodium peroxoborate is used as a brightener in washing powders. It is 
compatible with enzymes which are added to some ‘biological’ powders In 

very hot water (over 80 °C) the peroxide linkages 0—0 break down to 
give H 2 0 2 . 


sodium 
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Isopolyacids of B, Si and P 


Other elements form polymeric compounds similar to the borates; notably 
Si forms silicates and P forms phosphates. These polymeric compounds are 
called isopolyacids . (The name isopolyacid means that acidic ions are 
polymerized together. Iso means ‘the same’, and indicates that only one 
type of ion is involved. If two different types of ion polymerize together, 
lor example phosphate and molybdate ions, the phosphomolybdate 

polymer is called a heteropoly acid.) 

The principles underlying the structures of borates have been set out 
by Christ and Clark (see Further Reading). These principles may be 
summarized as follows: 


1. B often forms triangular BO, units. Sometimesi these remain mono¬ 
meric, but they may form polynuclear ions by sharing e 
corners. This links Ihe triangular units together into chams, nngs and 

two-dimensional flat sheet-like structures , ex 

2- B sometimes forms tetrahedral B0 4 umt^ M tetrah e dra lB0 4 units 
borates contain both triangular BCVare not flat, 
linked together by sharing corners. These 
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3. Hydrated borates may accept protons. These are added in the following 
order: (i) O 2 " ions are converted to OH , (ii) tetrahedral O are 
protonated, (iii) the O in planar triangles are protonated and (i v ) an 
free OH" groups are converted to H 2 0. 

4. Hydrated borates may polymerize by eliminating H 2 0. This may be 
followed by breaking or rearranging B—O bonds. 

5. H 3 B0 3 often exists in the presence of more complex polyanions. 

These polymeric borate structures tend to break up when dissolved j n 
water. 

In contrast, the structures of phosphates and silicates are always based 
on tetrahedral P0 4 and Si0 4 units. The tetrahedra may polymerize into 
chains, rings and three-dimensional structures. These structures are rather 
more stable and do not break up in solution. 


Qualitative analysis of boron compounds 

When borates are treated with HF (or with concentrated H 2 S0 4 and CaF ) 
the volatile compound BF 3 is formed. If the BF 3 gas produced is intro¬ 
duced into a flame (for example a Bunsen flame) the flame gives a char¬ 
acteristic green coloration. 


cone. H 2 S0 4 + CaF 2 — 2HF + CaS0 4 
H 3 B0 3 + 3HF -> 2BF 3 + 3H 2 0 

An alternative test is to make the ester methyl borate B(OCHi)v The 
suspend borate sample is mixed with concentrated H,S0 4 to form 
HjBO.i. and warmed with methyl alcohol in a small evaporating basin. 

B(OH), + 3CH,OH B(OCH,), + 3H.O 

The concentrated H->S0 4 removes the watpr fnrmAH tu 

n n fir* I U . , . me waler ,ormed The mixture is then 

set on fire. Methyl borate .s volatile, and colours the flame green 

Fluoboric acid 


H.,BO, dissolves in aqueous HF. forming fluoboric acid HBF 4 . 

H,BO, + 4HF -* H + + | BFj l- + 3H ,o 

Fluoboric acid is a strong acid »nHrnm™, • . . 

The [BPJ- ion is tetrahedral \ a _ COr " merc,al solutions contain 40% aci 
and sulphates in crystal structure resem ^ ,e Perchlorates CIC 

not very soluble in water). The (bV?- ind'fnm-^ 4 ^ KBFj 3re ^ 
tendency to form complexes in aqufeous solnE?! "T h f e 3 VCry '* 
are formed in non-aqueous media. ^ U "° n ' ,hou 8 h a complex 


Borides 


There are over 200 binary compounds between 

are many different stoichiometries The mn« 6,3 S and horon The 

■ nc most common are M.B, Ml 
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MB 2 . MB 4 and MB*, though formul* 
known. Some of the compounds are nohL?^ “ MsB and MB,, are 

some of the compounds canno, be rational 'h ^ formu '« of 

vakncy rules and are best explained by S; V ,he a PP ,iead °n of simple 
They may be prepared by heating then, . . en,re Coding, 
of other methods. The metal-rich boridL W ' ,h boron - and by a variety 
They are hard, and have very high mos,ly wi,h transition metals* 

t,b, ... r , WnfStfST Z,B - "mC 

duc..v.t,es arc often higher than for the I? a , nd ,he electrical con- 
five times as well as Ti metal. Borides are oftL^h Th “ S TiB > c °" d “«s 
have several uses: e 0,,en chemically inert, and they 

I. Boron carbide is commonly written as H r • 
of tonnes by reducing B 2 0, with C a. 1600 -r !! produced in quantities 
and is also used as an abrasive for poliZn., 3 USeful Wrct «* B. 
for cars. Fibres of B 4 C have an enormous ' S USed ,n brake bnings 
.0 make bullet-proof clothing. " S 


6 H-» + 4BCU + r... 

-* '-'(hbre)-- 


* fibres) + 12HC1 


- . . . ~«^(hbres) *r 1ZMU 

Boron carbide should be written B. r •• 

may approach B I 2 C V The structure • * * tS com P° sition varies and 

Each icosahedron is linked to six oth P tlf eS 3 s * Tlts of icosahedra. 

rr^-r”" * yaw 

2 . Powder fabrication techniques are used to fabricate parts such as 

r ° Cket n ° Z2leS fr ° m P° wdered borides s“ch as CrBj, 

1 B ° ron s,eel is used in ‘He nuclear industry for shielding and for control 
rods m reactors because "*B has a very high absorptionaoss-section o 
therpial neutrons. 
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THE OTHER GROUP 13 OXIDES 

Alumina A 1 2 0 3 exists principally in two crystalline forms called a-AhQs 
or corundum, and y-AI 2 0 3 , and in addition there is a fibrous form which 
is made commercially. 

Corundum is found as a mineral, and a-AI 2 0 * is also made by heating 
AI(OH), or 4 y-AI 2 0 3 above 1000 °C. Corundum is extremely hard (9 on 
M °n $ scale) and is used as jewellers* rouge* to polish glass. (See 
Appendix N). An impure form of corundum, contaminated with iron 
°xide and silica, is called emery. This is used to make emery paper 
( sandpaper* used to polish metals). Corundum is unaffected by acids. It 
Has a high melting point of over 2 (KK)°C. It is used as a refractory to line 
furnaces and to make containers for high temperature reactions. The 
crystal structure of corundum is hexagonally close-packed oxygen atoms, 
'Wh two thirds of the octahedral holes filled by Al j + ions. 
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y-AI 2 0 3 is made by dehydrating AI(OH ) 3 below 450°C. and i n C o n . 
trast to a-AI 2 0 3 it dissolves* in acids, absorbs water, and is used f 0r 

chromatography. 

Fibrous A1 2 0 3 is made commercially by ICI and Du Pont. Fibres of 
AI 2 O 3 and (Zr0 2 ) are sold under the trade name Saffil. These fibres f ee | 
like silk, are 2 — 5 cm in length and are l/ 20 th the diameter of a human 
hair. The fibres are hollow, and are flexible though they have a high 
tensile strength. In addition they are chemically inert and withstand pro¬ 
longed heating up to 1400°C. The fibres can be woven into ropes or 
fabric, and are also used for making chemically inert paper, and a support 
for catalysts. Fibres are also used to strengthen certain metals (Mg. Al 
and Pb); for example, Al reinforced by 50% fibre is five times stiffer than 
pure Al. Fibres also have excellent thermal and electrical insulating 
properties. 

Alumina is white, but it can be coloured by the addition of Cr : 0, or 
Fe 2 Ov White sapphires are gem quality corundum. Synthetic rubies can be 
made by strongly heating a mixture of ALO 3 and Cr 2 0 3 . for example in an 
oxy-hydrogen flame. Rubies are very hard, and are used for jewellery and 
to make bearings in watches and instruments. Thus ruby is a mixed oxide. 
Blue sapphires are another mixed oxide containing traces of Fe : \ Fe w 
and Ti 4 *. The mineral spinel MgAl 2 0 4 is another mixed oxide. It gives its 
name to the structure adopted by many M n M 2 *0 4 compounds. 

Aluminium has a very strong affinity for oxygen. The enthalpy of forma¬ 
tion of A1 2 0 3 is -1670kJ mol -1 , higher (more negative) than for practi¬ 
cally all other metal oxides. Thus Al may be used in the thermite reduction 
of less stable metal oxides. 

3Mn 3 0 4 + flAI -> 4AI 2 0 3 + 9Mn 


Qualitative analysis of aluminium 

In qualitative analysis AI(OH ) 3 is precipitated as a white gelatinous 
substance when NH 4 OH is added to the solution (after previously 
removing acid-insoluble sulphides with H 2 S). Fe(OH) 3 , Cr(OH ) 3 and 
Zn(OH ) 2 are also precipitated, but Fe(OH ) 3 is brown, Cr(OH), grey- 
green or grey-blue. Zn(OH ) 2 is white, like AI(OH) 3 , but it is not gela¬ 
tinous. Zn(OH ) 2 dissolves in excess NH 4 OH, whereas AI(OH ) 3 does not. 
A confirmatory test for aluminium is the formation of a red precipitate 
from AI(OH ) 3 and the dye aluminon. 


Amphoteric behaviour - alummatcs 

AI(OH), is amphoteric. It reacts principally as a base. i.e. it reacts with 
acids to form salts that contain the (A1(H 2 0) 6 ] J - ion. However. AI(OH), 
shows some acidic propert.es when it dissolves in NaOH. forming sodium 
aluminate. (However. AI(OH), is reprecipitated by the addition of carbon 
dioxide, showing that the acidic properties are very weak.) 
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AI(OH), 


NaAI(OH) 4 
NaAIOj • 2H 2 0 


sodium 

aluminatc 


-^n 2 U aluminatc 

The formula of aluminates is often writ,. 

equivalent to [AI(OH) 4 ]-). Raman spectra "uL^.k' 02 2Hj0 (which is 

alummate .on is more complicated than . 1 88 . hat ,he s,ructu « of the 
changes with both pH and concentration: ' mp ,es ’ and ,he str “«ure 

1. Between pH 8 and 12 the ions doIv 

aluminium is octahedrally coordinatTd"* 6 US ‘ ng ° H bridgeS and each 

2. In dilute solutions above pH values r*f n 

exists. P alUCS of 13 ’ a 'etrahedral [AI(OH) 4 ]- ion 

3. In concentrated solutions above 1.5 M and at n u i 

the ion exists as a dimer: [(HO) 3 AI-.0-.Ai(SH) a ,]“ e - S tha " 13 

Ga 2 0 3 and Ga(OH) 3 are both amphoteric like the r .. 

compounds. Ga(OH) 3 is white and gelatinous ® ‘ he . C0 " es P° nd,n g Al 
forming gallates. T1 2 0 3 and ln 2 0, are comniet^i " d . d,ssolves ,n a,ka li. 

hydrates nor hydroxides. In contrast, thaltoiL hvLoxtie TIOH™ 
base, and is soluble in water. Thus TIOH differs from the trivaTem 
hydroxides and resembles the Group 1 hydroxides. Where an element 
ex.st in more than one valency state, there is a general tendency f 
lowest valency state to be the most basic. y 

Thallium(III) acetate and trifluoroacetate can be made by dissolving the 

oxide in the appropriate acid. They are used in the synthesis of organo- 
metallic thallium compounds. 


TETRAHYDRIDOBORATES (BOROHYDRIDES) 

Stable complexes containing the group [BH 4 ]' are well known. These 
should be called tetrahydridoborates, though the old name borohydride is 
still widely used. The tetrahydridoborate ion [BH 4 ]~ is tetrahedral, and 
the sodium salt Na[BH 4 ] is the most important compound. It is usually 
prepared from trimethylborate. It is ionic, and has a sodium chloride 
structure. 


4B(OMe),.+ 4NaH l " th| ’ - — C ->Na|BH 4 ] + 3Na[B(OMe) 4 ] 

trimcthylborate tclrahydrofuran solvent 


Other tetrahydridoborates are made by treating Na[BH 4 ] with the appro- 
priate metal chloride. The alkali metal tetrahydridoborates are white ionic 
solids and react with water with varying ease. Thus Li[BH 4 ) reacts violently 
with water, but Na[BH 4 ] may be recrystallized from cold water with only 
slight decomposition, and K[BH 4 ] is quite stable. 

LilBH 4 ] + 2H 2 0 - LiB0 2 + 4H 2 

7* .Mi meial 

inorganic and organic chemistry. Na[BH 4 | 
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aqueous solutions. This makes it a useful reagent for reducing aldehyde 
primary alcohols, and ketones to secondary alcohols. It is a nucleoph'r° 
reagent, and attacks sites of low electron density. Thus other fu nclU) l,c 
groups such as C=C, COOH and N0 2 are not normally attacked. ^ 


RCHO 


N»[BH 4 J 


R • CH 2 OH primary alcohol 


'c=o^± 


CHOH secondary alcohol 


Not all tetrahydridoborates are ionic. The beryllium, aluminium and 
transition metal borohydrides become increasingly covalent and volatile 
In these the [BH 4 ]~ group acts as a ligand and forms covalent compounds 
with metal ions. One or more H atoms in a [BH*] - act as a bridge and bond 
to the metal, forming a three-centre bond with two electrons shared by 
three atoms. The [BH*] - ligand is unusual in that it may form one. two or 
three such three-centre bonds to the metal ion. Thus Be(BH 4 ) 2 , AlfBH^, 
and Zr(BH 4 ) 4 are covalent, and react strongly with water. In the A1 and Zr 
compounds, each BH7 forms two hydrogen bridges, whilst in the Be 
compound two of the three BH7 form three hydrogen bridges. 



Figure 12.5 Structures of AI(BH 4 ) 3 and Be(BH 4 ) 2 . (After H.J. Emfleus and A.G. 
Sharpe, Modern Aspects of Inorganic Chemistry * 4th ed., 1973, Routledge and 
Kegan Paul.) 


The other elements in the group also form electron-deficient hydrides. 
(A1H3)„ is a white involatile solid. It is a reducing agent and reacts violently 
with water. It is extensively polymerised by 3-centre hydrogen bridges simi¬ 
lar to those in diborane. (The structure of a-AlH 3 is known and each Al 
participates in six bridges). Aluminium hydride is best made from Li[AlH 4 ] 
and A1CI). It can be made from LiH and A1C1 3 in either solution, but with 
excess LiH lithium aluminium hydride Li[AlH 4 ] is formed instead. 



LiH + Aid, -♦ (A1H 3 )„ excess LiH 


Li[AIH 4 ] is a most useful organic reducing ^ 

functional groups, but in general it doe, L! 86 "' because il wil1 reduce 
analogous to the borohydrides but can™, k aUack double bonds. It is 
Gallium forms compounds analogous *,““1' ,n aqueous “lotions. 
Li[GaH 4 j. Indium forms a polymeric hydride rinHt b °u° hydrides ' e 8 - 
doubt about the existence of a hydride of thall '" 3 bU * * here is some 


TRIHALIDES 

All the elements form trihalides The h„..„ ■ ... 

gaseous, BC1 3 liquid and BI 3 is solid. BF, is bv fard? covalent - BF J « 
a colourless gas, boiling point -101 °C and * ,be most important. It is 

S " IU1 C, and is made m large quantities: 

B 2 0 3 + 3CaF 2 + cone. 3H 2 S0 4 ^2BF 3 + 3CaS0 4 + 3H 2 0 

BjOj + 6 NH 4 BF 4 ^-* 8 BF 3 + 6 NH 3 + 3H 2 0 

Both BF 3 gas and its complex with diethyl ether (C,H 5 ) 2 0 BF, (a 
viscous liquid) are commercially available. v 

i,J!’ e i hape 0f * he t is a P ,anar triangle with bond angles of 

120 . This is predicted by VSEPR theory as the most stable shape for three 

outer electron pairs round B. The valence bond theory also predicts a 
planar triangle with hybridization of one 5 and two p orbitals used for 
bonding. However, the B atom only has six electrons in its outer shell and 
this is termed electron deficient. 


Electronic structure of 
boron atom - excited state 


0 0 



three singly occupied orbitals form bonds 
with unpaired electrons from three halogen 
atoms - shape plane triangle 
( sp 2 hybridization) 


The bond lengths in BF 3 are 1.30 A, and are significantly shorter than the 
sum of the covalent radii (B = 0.80 A, F = 0.72 A). The bond energy is 
very high: 646kJmol“ ! , which is higher than for any single bond. The 
shortness and strength of the bonds is interpreted in terms of a pn-pn 
interaction, that is the bonds possess some double bond character. The 
empty 2 p. atomic orbital on B which is not involved in hybridization is 
perpendicular to the triangle containing the sp- hybrid orbitals. This pz 
orbital may accept an electron pair from a full p, or ita on any one 

three fluorine atoms. Thus a dative n bond ' s . for . r ? ed ho nd d extted then 
attains an octet of electrons. If one localized double bond existed, then 
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there would b & one short bond snd two longer ones. However, all meas¬ 
urements show that the three bond lengths are identical. The old valence 
bond explanation of this was resonance between three structures with 
the double bond in different positions. The modern explanation is that the 
double bond is delocalized. The four p z atomic orbitals from B and the 
three F atoms form a four-centre n molecular orbital covering all f 0Ur 
atoms which contains two bonding electrons. Delocalized n bonding is 
described more fully in Chapter 4. 


Q 



r-'N , S’S 


Figure 12.6 Structure of BF 3 . 


The empty 2p z orbital on the boron attorn in BF 3 can also be filled by a 
lone pair of electrons from donor molecules such as Et 2 0, NH 3 , (CH,),N 

or by ions such as F“. When this occurs, a tetrahedral molecule or ion is 
formed. 


F OEt 2 

\ / 

B 

/ \ 

F F 


F NH 3 

\ / 

B 

/ \ 

F F 


F NMe, 

\, / 

B 

/ \ 

F F 


F F 

\ / 

B 

/ \ 

F F 


Once a tetrahedral complex has been formed, the possibility for tt bonding 
no longer exists. In H,N - BF, the B-F distance is 1.38 A, and in Me,N 

the ho™!^. 39 much ,on 8 er «han the 1.30 A in BF,. Since 
such as p- *fl < w W ' e * ec,ron P a *rs from numerous atoms and ions 

a le^r ex“en, Bn T" indUS,rial chemicals ’ P^cularly BF, and to 
also very useful for USCd *° prepare elemental boron. They are 

is used up in the reaction "an‘j erta,n ° r 8 an,c reactions. In some cases BF, 

a BF 3 complex with one or both realm! p 35 3 Catalys ' by forming 
pound’ in this way lowers the activ,? * F lng an ‘intermediate com- 

’ ,h act,va, '°n energy. Examples include: 

BFj is usedTp [rthTlVctll^H 5 ' 131 ' 0 " 5 3nd acyla,ions ,n these the 
P m me reaction, and so is not strictly catalytic. 

CsH* + C 2 H 5 F + BFj -» QH,, • CjH, + H* + |BF 4 ]~ 

2. It acts as a catalyst in several reactions: 

acid + alcohol -» ester + water 

benzene + alcohol alkylbenzene + water 



3 . Considerable quantities of BF 3 are also 

catalyst in the production of polyisobutene U ( Cd 3S 8 Potymerization 

^000 tonnes a year of BF. are produced in the USA from BtOj or 
B 2 0 3 + 6 HF + 3H 2 S0 4 - 2BF 3 + 3H 2 S0 4 • H 2 0 

Na 2 [B 4 O s (OH) 4 l + 12HF [Na 2 0(BF,) 4 ] ^"--so. 

4BF 3 + 2NaHSP 4 + H,0 


The boron halides are all hydrolysed bv water rp l.j • 

ptetely and forms fluoborates. This is because the HF firs.ToL'ed'ream 
with the H 3 BU 3 . 


4BF 3 + 12H 2 0 -► 4H 3 B0 3 + 12HF 
12HF + 3 H 3 BO 3 -► 3H + + 3[BF 4 ]~ + 9H 2 0 

4BF 3 + 3H 2 0 -► H 3 BO 3 + 3H + + 3[BF 4 ]~ 

The other halides hydrolyse completely, giving boric acid. 

BCI 3 + 3H 2 0 -► H 3 BO 3 + 3HC1 


The fluorides of Al, Ga, In and T 1 are ionic and have high melting 
points. The other halides are largely covalent when anhydrous. A1C1 3 , 
AIBr 3 and GaCI 3 exist as dimers, thus attaining an octet of electrons. The 
dimeric formula is retained when the halides dissolve in non-polar solvents 
such as benzene. However, when the halides dissolve in water, the high 
enthalpy of hydration is sufficient to break the covalent dimer into 
[M-6H 2 0 ] 3 + and 3X~ ions. At low temperatures A1C1 3 exists as a close 
packed lattice of Cl“ with Al 3 + occupying octahedral holes. On heating 
A1 2 C1$ species are formed and the volume of the solid greatly increases. This 
illustrates how close the bonding in this compound is to the ionic/covalent 

border. , , 

Group 13 elements have only three valency electrons. When these are 

used to form three covalent bonds, the atom has a share in only six 

electrons. The compounds are therefore electron deficient. The BX 3 

halides attain an octet by k bonding. The other elements in the group have 

larger atoms and cannot get effective « overlap, so they polymenze to 

remedy the electron defidency- Production is about 25000 

A1CI 3 is an important in Anhvf i rous AICU (and to a lesser extent 
tonnes/year in the USA alone. Anhy ^ Friedel-Crafts type of 

AlBr 3 ) is used as the *cata yst i L e amounts of ethylbenzene 

reactions for alkylations 30 acy ^ styrene . (Polystyrene produc- 
are made in this way and are useu i 
tion was 8.2 million tonnes in 1991.) 


ci 
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Cl 


Figure 12.7 Structure of AIC1 
dimer. 
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(a) B4CI4 



Figure 12.8 Boron monochloride 
structures (BCI)„ showing 
polyhedral boron cages. (After 
A.G. Massey. The Typical 
Elements . Pengui n. 1972.) 


CaVH + CH,CH 2 CI + AICI 3 C 6 H 5 CH 2 CH, + H + + [ A | C| . 

ic ac m A 4_a I . * t . • . _ _ _ 


This is not true ‘catalytic’ action, as the AICI, is used up, and the fnr 

of [AlCI.] or [AIBr 4 ]~ is an essential part of the reaction Acylati^^' 0 " 
similar: * ^^ ,dl *ons ar e 

QH S • H + RCOCI + AlCI, - RCOQH, + H + + [ A | C | 4 j- 

AICI, is also used to catalyse the reaction to make ethyl bromide twh u 
used to make the petrol additive PbEt 4 ). ( hlch 15 

CH 2 =CH 2 + HBr -> C 2 H 5 Br 

i ! Cl . 3 « als ,° used in ,he manuf acture of anthraquinone (used in .h 
dyestuffs industry), and dodecylbenzene (used to make detergents) and in 
the isomerization of hydrocarbons (petroleum industry) 

III, is an unusual compound. It is isomorphous with Csl, and NH t 

and comams the linear triiodide ion If. Thus the metal is present as Tr t’ 
the oxidation state (+ 1 ), not (+III). P 1 ' 

DIHALIDES 

Boron forms halides of formula r y ti... . 

temperature. 6 , 0 . can be ZieS foita ^ 

2BCI, + 2H gjSL -.^. Ba + 

lt»w pressure 

states the molecule 0 ^^ 111 . ^ B bond, and in the gaseous and liquid 
the molecule is nhn °^h * non ' ec, *P sed conformation. In the solid state 

. ?*“ <*«« - ease o( pack,.,. 
also form dihalides see diagram on page 387: 

GaCI, + Ga —* 2GaCI, 

In + HCI-* 2InCl, 

gas 

Mnt^nMUUnd K' Ga *l GaCl ^ and In^InCI,]- and 

■n and M(III) rather than Ga(II) and In(Il). 

monohalides 

Boron forms several stable polymeric monohalides 
B Cl n * vflUr ' discharge 


(BX)„ 


b 4 ci 4 


slou 

decomposition 


BkCI k . b 4 cu. b 1( ,ci,„. B,|Cl|,. b i: ci i2 


e compounds B4CI4. B k CIh and BvCI« are crystalline solids, and their 







- - vtn cR LLDMtll 

structures (Figure 12.8) have a dosed c 

wh ere each B atom is bonded to three other* .T P ° lyhedron of B atoms. 
Since B has only three valency electrons ,hL a, ° ms and (0 one Cl atom, 
form normal electron pair bonds. It is enou 8 h electrons to 

cover all the B atoms in the cage. P b e that mult '-centre o bonds 

Al. Ga and In all form monohalides MX in >h 
temperatures, e.g. ^ ln ‘he gas phase at elevated 


389 


AIQ, + 2AI hlgl> 


•3AICI 


temperature 

These compounds are not verv ctaki,, „ ^ 

Thallium forms univalent thallout halites whithT''"' 
thallium trihalides. This illustrate, the m„, pal,'££• 

COMPLEXES 

«r re ,h “ «* «**• 

hydnte and halide eomplexe, such a, UlAMjVd" hK 

ready been mentioned. In addition manv ,viukJ,i i , 1 na e a ' 
IGaCLl 3 - llnfl P- a „H 7 -t.A, y octahedral complexes such as 

° u i , d I T,C U] are known. The most imoortant 

octahedral complexes are those with chelate groups, for exanJleT 

diketones such as acetylacetone, oxalate ions, dicarboxylic acids.pyro- 

catechol, and also 8-hydroxyquinoline. (See Figure 12.9.) The latter 

complex has been used in the gravimetric determination of aluminium. 



oxalate complex 



8 

Figure 


hydroxyquinoline complex 
12.9 Some complexes. 


DIFFERENCES BETWEEN BORON AND THE 
OTHER ELEMENTS 

Boron differs significantly from the other elements in Group 13, mainly 
because the atoms are very small. It is always covalent, and it is non- 
metallic. In addition, boron shows a diagonal relationship with silicon in 
Group 14, 

1. B 2 0 3 is an acidic oxide; like Si0 2 . This is in contrast lo Al 2 0 3 , which is 
amphoteric. 

2. H 3 B0 3 , which may be written B(OH) 3 , is acidic, whilst Al(OH) 3 is 
amphoteric. 

3. Simple borates and silicate ions can polymerize, forming isopolyacids. 
Both are built on similar structural principles, namely by sharing oxygen 
atoms. Complicated chains, rings, sheets and other structures are 
formed in this way. Aluminium forms no analogous compounds. 

4* The hydrides of B are gaseous, readily hydrolysed and spontaneously in¬ 
flammable. In contrast aluminium hydride is a polymeric solid (A!H0„- 
$iH 4 is gaseous, readily hydrolysed and inflammable. 

5 - Apart from BF,. the halides of B and Si hydrolyse readily and vig¬ 
orously. The aluminium halides are only partly hydrolysed in water. 
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BORON HYDRIDES 



Compounds known 

None of the Group 13 elements react directly with hydrogen but « 

interesting hydrides are known. The boron hydrides are sometimes 

boranes by analogy with the alkanes (hydrocarbons). Almost 20 borJ 

have been reported, and 11 are well characterized. They fall im °, 
senes: J ,mo two 

1. B„H ( „+ 4) (called n/V/o-boranes). 

2. A less stable series B„H (n+6) (called arachno-boranes). 

In cases where the nomenclature is ambiguous, as for example for Dents 
borane, it is usual to include the number of hydrogen atoms in the name 


I able 12.10 The two series of boranes 


M'do-boranes 

B 2 H 6 diborane 

B 5 H 9 pentaborane-9 
BfcHio hexaborane -10 
B g H |2 octaborane -12 


B| 0 H ,4 decaborane 


m.p. 

(°C) 


—47 

-62 

dec 


b.p. 

(°C) 


-165 -93 


60 

108 


-100 213 


Arachno-borancs 


B 4 H|n tetraborane 
B^H,, pentaborane -11 
B 6 H ,2 hexaborane -12 
B k H | 4 octaborane-14 
BqH | 5 (nonaborane or 
(enneaborane 


m.p. 

(°C) 


-120 

-122 

-82 

dec 

3 


b.p. 

(°C) 


18 

65 


dec = decomposes. 


Preparation 

Diborane is the simplest and most studied of the hydrides. It is used to 
prepare the higher boranes, and is an important reagent in synthetic 

«* ^ purpose it is normally generated in situ. It 

is a versati e reagent for the production of organoboranes. which are useful 
intermediates in organic synthesis. Alternatively diborane is used as a 
powerful electrophilic reducing agent for certain functional groups. It 
attacks sites with a high electron density such as N in cyanides and nitrites, 
and O in carbonyl compounds. 

R—G=N RCH 2 NH 2 
R—no 2 -» RNH 2 
R—CHO RCH 2 OH 

Diborane may be prepared by a variety of methods. Boranes were firs* 
prepared by Alfred Stock, who pioneered this branch of chemistry 




between 1912 and 1936. He heated Mr and R • 

Mg,B 2 . and then treated this with onhJL “ 0 glve magnesium boride 
a mixture of products. There were en ° sphonc acid - The reaction gives 
work because the compounds were h - ., rmous d,fficu hies with this early 
lysed by water. Stock developed vacm. m Y eaCt ‘ V !’ flamm able, and hydro- 
viously unknown, to handle these reart;.,' techni 9 ue s, which were pre¬ 
method has now been superseded excem f Compounds - Th is preparative 

exce P‘ tor making B 6 H 10 . 


Mg 3 B 2 + H,P0 4 


magnesium 

boride 


mixture of boranes- 
mainly B„H| 0 


•BjH* 

diborane 


Many other methods have been used: 


B 2 0, + 3H 2 + 2AI~"" o T hc,c,1S0,c >R |j i a , r. 

b 2 H 6 + ai 2 o 3 


2BF,+ 6 NaH 


IHO'C 


'B 2 H h + 6 NaF 


There are several convenient laboratory preparations; 

T Reducing the etherate complexes of the boron halides with UIAIH 4 ]. 
4[Et 2 0 • BFj) + 3Li[ AIH 4 ] 2B 2 H 6 + 3Li[AIF 4 ] + 4Et 2 0 

2. Reacting Na[BH 4 ] and iodine in the solvent diglyme. Diglyme is a 
polyether CH 3 OCH 2 CH 2 OCH 2 CH 2 OCH 3 . 

. r _ . . , . in diglyme solution _ 

2Na[BH 4 ] 4- I 2 ->B 2 Hft 4- H 2 4- 2NaI 

3. Reducing BF 3 with Na|BH 4 | in diglyme. 


4|Et 2 0 BF 3 ) + 3Na|BH 4 | 


in diglyme 


2B 2 H ft 4- 3Na[BF 4 ] + 4Et z O 


Method (3) is particularly useful when diborane is required as a reaction 
intermediary. It is produced in situ, and used without the need to isolate or 

purify it. ... .. .. 

Diborane is a colourless gas, and must be handled with care as it is highly 

reactive. It catches fire spontaneously in air and explodes with d ‘° x y 8 ‘- n - 
The heat of combustion is very high. In the laboratory it is handled ma 
vacuum frame. Since it reacts with the grease used to lubricate tapsspec a! 
taps must be used. It is instantly hydrolysed by water, or aqueous alkali. 
At red heat the boranes decompose to boron and hydr g 

„ , , H n ah = -2165kJmol" 1 

B 2 H 6 + 30 2 — 2 B 2 Oj + 3H.O an 

B 2 H* + 6H 2 0 -► 2H 3 B0 3 + 3H 2 

Mo., sgmhe*,o(higher bonne,*»•«*■«* 
hydrogen A complex reaction occurs when B 2 H 6 
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tube. Various higher boranes are formed (B 4 H 1U , B 5 H n , B,,H 
BioHu). The B 2 H 6 molecule probably breaks into the very rear? 1 ' 1 * 
intermediate {BH 3 } which has only a transient existence and reacts wA 
B 2 H 6 , giving another intermediate {B 3 H 9 }. This loses hydrogen fo rm - 
{B 3 H 7 }, which .reacts with more {BH,} to give B 4 H I() . In a similar wa? 

variety of higher boranes are formed depending on the exact condition 
For example: ns - 

(5h at 80-90 °C, 200 atmospheres) 

B2H6 —► B4H10 

(rapid at 200-250°C) 

B 2 H 6 + H 2 -► B 5 H 9 

(slow pyrolysis in sealed tube 150 °C) 

B 2 H 6 —► B]qH | 4 

Most of the higher boranes are liquids, but B 6 H I0 and B, () H 14 are solids. As 
the molecular weight increases, they gradually become more stable in air, 
and less sensitive to water. B|qH] 4 is inert in air and can be recovered from 
aqueous solutions. At one time the boranes were considered as possible 
high energy rocket fuels. The aim was to replace hydrocarbon fuels in 
military aircraft and missiles. Over a tonne of B 10 H 14 was made for this 
purpose. Interest in this use disappeared when it was found that combus¬ 
tion to B 2 O 3 was incomplete. Because of this the exhaust nozzles of the 
rocket became partly blocked with an involatile BO polymer. 

REACTIONS OF THE BORANES 
Hydroboration 

A very important reaction occurs between B 2 H 6 (or BF 3 + NaBH 4 ) and 
alkenes and alkynes. 

$B 2 H 6 + 3RCH=CHR -► B(CH 2 —CH 2 R ) 3 
|B 2 H 6 + 3RC=R -> B(RC=CHR), 

The reactions are carried out in dry ether under an atmosphere of dinitro¬ 
gen because B 2 H 6 and the products are very reactive. The alkylborane 
products BR 3 are not usually isolated. They may be converted as follows: 

1 . to hydrocarbons by treatment with carboxylic acids, 

2. to alcohols by reaction with alkaline H 2 0 2 , or 

3. to either ketones or carboxylic acids by oxidation with chromic acid. 

The complete process is called hydroboration, and results in cis~ 
hydrogenation, or c«-hydration. Where the organic molecule is not sym¬ 
metrical, the reaction follows the anti-Markovnikov rule, that is B attaches 
to the least substituted C atom. 

BR 3 + 3CH 3 COOH — 3RH + B(CH 3 COO ) 3 

hydrocarbon 


REACTIONS OF THE BORANES 


w 


B(CH 2 • CH 2 R), + H 2 0 2 — 3RCH 2 CH 2 OH + H 3 BO 3 

primary alcohol 


CH 


H 2 Cr0 4 


(CH, • CH 2 ),—B 


tt,Cr0 4 


c=o 

/ 

R' ketone 
CH 3 COOH 

carboxylic acid 


(CH, • CH 2 ),-B + CO [(CH, • CH 2 ),—CBO] 


h,o 2 


[CH, • CHj-jjCOH 


Hydroboration is a simple and useful process for two main reasons: 

1 . The mild conditions required for the initial hydride addition. 

2. The variety of products which can be produced using different reagents 
to break the B—C bond. 

H.C. Brown won the Nobel Prize for Chemistry in 1979 for work on these 
organoboron compounds. 

Reaction with ammonia 

All the boranes act as Lewis acids and can accept electron pairs. Thus they 
react with amines, forming simple adducts. They also react with ammonia, 
but the products depend on the conditions: 

B 2 H 6 + 2(Me),N - 2 [Me,N • BH,] 


B 2 H 6 + NH, 


excess NH» 
low temperature 

excess NH* 
higher temperature 


B 2 H 6 • 2NH, 


(BN), boron nitride 


ratio 2NH»: IB;H» ^ BjNjH6 boruine 
higher temperature 

The compound B.H^NH, is ionic, and comprises [H,N - BH 2 - 
NH 3 j + and [BHJ" ions. On heating, it forms borazine. 

Boron nitride is a white slippery solid. One B atom and one N atom 
together have the same number of valency electrons as two C atoms. Th^ 
boron nitride has almost the same structure as grap • . 

01 *'“™“ 

sheets are stacked one on top of the other, gt g y 
(Figure 12.10). 
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•sA-* 

hAA, 

H 

(b) Borazine 

Figure 12.10 Similarity 
borazine and benzene. 



I S^V H 
x “ 

i 

H 

Benzene 


in structure between (a) boron nitride and graphite, (b) 


Borazine B3N3H6 is sometimes called ‘inorganic benzene’ because its 
s ructure shows some formal similarity with benzene, with delocalized 

£2" ar0ma,iC CharaCter Their P h y sical properties are also 
Borazine and substituted borazines are now made: 


3 BCI, + 3 NH„a 1 ^ £ -> B3N3H3Q3 - |BH A BjNjH^ 

+ 

MeMgBr 

1 

B 3 N,H3(Me) 3 


Boraztne forms n complexes such as BjNjH*—C r(CO) 3 with transition 

. „, mp ° Un oraz ' ne * s considerably more reactive than benzene, 
and addition reactions occur quite readily: 

BjNjH, + 3 HC 1 -> B3N3H9CI3 


Cl H 

\ / 

H B- 

\ / 

N 

/ \ 

H B- 

/ \ 

Cl H 


H H 

\ / 

-N H 

\ / 

B 

/ \ 

—N Cl 

/ \ 

H H 
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K hewed with water, borazine hydroly^s slouly 

B ' N ' H * + 9HjO 3Nh , y ' 

•’ + 3h jBO, + 3h 2 

Some other reactions of boranes 

B : H ft + 6H 3 0 - 2B(OH), + 6Hj 

2 H 1 BOi + au 

B-H- + fi MeOH 2B(OMe), + L 
B 2 H, + 2Et 2 S - 2| Et2 s -* BH,] * 

BjH * + 2LiH - 2Li[BH«| 

2B 2 H h + 2Na - Na[BH 4 ] + Na fR h i 
B 2 H a + HCI - B 2 H 5 CI + h 2 81 (S ' 0W) 

B 2 H* + 3CI 2 - 2BCI, + 6HCI 


STRUCTURES OF THE BORANES 

different from sUI o^hydridetV^ere" 65 ° f 8reM in,erest They are 

to form conventional two-electron bonds between'alUf the'd^ elec,rons 

of atoms^ and so these compounds are termed electro! deficfenT"' ^ 
In diborane there are 12 valencv elertmnc *v> c aenc,ent - 

six from the H atoms. Electron diffraction ’result* hSdfclte Ilf a '° m ^ 
shown in Figure 12.11. 1 indicate the structure 

The two bridging H atoms are in a plane perpendicular to the rest of the 
molecule and prevent rotation between the two B atoms. Specific heat 
measurements confirm that rotation is hindered. Four of the H atoms are 
m a different environment from the other two. This is confirmed by Raman 
spectra and by the fact that diborane cannot be methylated beyond 
Me 4 B 2 H 2 without breaking the molecule into BMe v 
The terminal B—H distances are the same as the bond lengths measured 
in non-electron-deficient compounds. These are assumed to be normal 
covalent bonds, with two electrons shared between two atoms. We can 
describe these bonds as two-centre two-electron bonds ( 2 c- 2 e). 

Thus the electron deficiency must be associated with the bridge groups. 
The nature of the bonds in the hydrogen bridges is now well established. 
Obviously they are abnormal bonds as the two bridges involve only one 
electron from each boron atom and one from each hydrogen atom, making 
a total of four electrons. An sp 3 hybrid orbital from each boron atom 
overlaps with the H orbital of the hydrogen. This gives a delocalized 
molecular orbital covering all three nuclei, containing one pair of electrons 
and making up one of the bridges (see Figure 12.12)* This is a three- 
centre two-electron bond (3c-2e). A second three-centre bond is also 
formed. 


V / H 

\/ S' 

tr H ’-m*\, 

Figure 12.11 The structure of 
diborane. 


i 
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Figure 12.12 uveriap of approximately sp 2 hybrid orbitals from B with an s 
orbital from H to give a ‘banana-shaped’ three-centre two-electron bond. 


The higher boranes have an open cage structure (Figure 12.13). Both 
normal and multi-centre bonds are required to explain these structures: 

1. Terminal B—H bonds. These are normal covalent bonds, that is two- 
centre two-electron (2c-2e) bonds. 

2. B—B bonds. These are also normal 2c-2e bonds. 



(•) Decaborane-1 4 B 10 H 14 


Figure. 12.13 Structures of some boranes. (a) Diborane B 2 H 6 , with two three- 
centre B...H...B bonds, (b) Tetraborane B 4 H I0 , with four three-centre 
B... H... B bonds and one B—B bond, (c) Pentaborane-9 B 5 H 9 , where the boron 
atoms form a square-based pyramid with four three-centre B... H... B bonds* al " 
multi-centre bonds from the apical B atom to the four B atoms in the square, (d) 
Pentaborane-11 B 5 H n> where the boron, atoms form a. distorted square-based 
pyramid, with three three-centre B... H... B bonds and three-centre B... B. • •" 
bonds in two of the triangular faces, (e) Decaborane-14. (After A.G. Massey, The 
Typical Elements , Penguin, 1972.) 
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--2^™*;- 

! 2'~T1T S ‘ *— ■«■*. b ... h7Z~I ~ 

4. Three-centre bridge bonds includ ' ° r<me ' These 

hydrogen bridge in (3). Thpc* dln 8 ® • B. r 

are of the type 3c-2e. rC Called '°Pen boron bridgT to, h'° ,he 

5. Closed 3c-2e bonds between three B atoms $ ^ 


Decaborane-14 has ten B atoms Th 
,o form a regular icosahedron. An icosahedrons 5 ,7 Sh °" ° f bein & able 
It is a closed cage structure, and is particularly ! J c ° rners a "d 20 faces 
required to complete the cage may be added 7 6 The ,wo ex,ra a '°™ 
ethyne, forming a carborane (Figure 12 14) V reaC,ing B '" H " wi,h 

B,„H 14 + RC=CR^ B„,q,H 10 R, 

$“^7^ * ,dded “ *»»«'»»««*. 

B|oH| 4 + 2Me 3 N—*BH 3 —► 2[MeTNH]"'[BpHp] 2_ 
ORGANOMETALLIC COMPOUNDS 

Besides the carboranes and the alkylboranes discussed earlier, all the 
Group 13 trihalides will react with Grignard reagents and organolithium 
reagents, forming trialkyl or triaryl compounds: 

BF* + 3C 2 HsMgl — B(C 3 H 5 ) 3 
AICIt + 3CH,MgI - AI(CH,) 3 
GaCl.T + 3C 2 H 5 Li - Ga(C 2 H 5 )j 
InBr 3 + 3C 6 H 5 Li — ln(C 6 Hs) 3 

The aluminium compounds are unusual because they have dimeric struc¬ 
tures, and appear to have three-centre bonds involving sp hybrid orbitals 
on A1 and C in Al—C—Al bridges (Figure 2.15). 

Another important route to organoaluminium compounds is from alu¬ 
minium metal and H,. The two elements do noi react directly to give 
AIH,. However, aluminium does take up hydrogen in the presence of 
aluminium alkyl catalysts (Ziegler catalysts). 

A | + }h 2 + 2Et,AI - 3EljAIH 

Alkenes may be added to Al—H bonds. 

Et 2 AIH + H 2 C=CH 2 -► Et : AI— CH 2 —CH> 1 e E,,A 



Figure 12.14 Structure of 
orthocarborane. one of the three 
isomeric forms of the icosahedral 
carborane B, 0 C 2 H I0 R,. (After 
A.G. Massey. The Typical 
Elements . Penguin. 1972.) 


/ CH N 

Al Al 

v 


Figure 12.15 Structure of 
aluminium trimethyl dimer. 


cthcnc 


i 
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A. 90-120"C and 100 atmospheres pressure, ethene molecules are slowly 

inserted into the Al—C bonds. 

/ CH 2 • CH 2 • C 2 H 5 / (CH 2 • CH 2 )„ • C 2 H, 


/ 


c 2 h, 


Al — c 2 h 5 — Al — C 2 Hj 
\ C 2 H 5 \ c 2 h 5 


Al - (CH 2 • CH 2 )„ • C 2 H, 
\ (CH 2 • CH 2 )„ • C 2 H, 


Long chains up to C M , may be grown. Hydrolysis of these long.sh- 
chain aluminium alkyls gives straight chain hydrocarbons called polye.h- 
ylene or polythene. Formed in this way these are low mo ecular we.ght 
oolvmers (or oligomers), and are of no commercial use. If a transition 
metal catalyst such as TiCL (Natta catalyst) is used then polymerization 
is much quicker. Furthermore the reaction does not require a high pres¬ 
sure and a much higher molecular weight polymer is produced. These 
high molecular weight polymers are very important as one route to com¬ 
mercial polythene (see Chapter 20 under •Organometallic compounds ). 

Alcohols with chain lengths of about C u are produced from ethene by 
growing suitable aluminium alkyls, oxidizing with air and then hydro¬ 
lysing with water. Reaction of these alcohols with SO, gives sulphonates 

r _SO,H which are then neutralized to make biodegradable detergents 

CHj—(CH 2 )„—OSO.r Na + . (Detergents are discussed in Group 16 under 

SO,.) .... 

Aluminium alkyls catalyse the dimerization of propene in the forma¬ 
tion of isoprene: 

2CH, • CH=CH 2 -^CH, • CH, CH 2 • C=CH 2 

propcnc [ 

CH, 


CH 2 =CH • C=CH, + CH 4 

I 

CH, 

isoprene 

Tlie use of aluminium alkyls in producing alcohols and isoprene is of 
considerable industrial importance. (Commercial polythene is made in 
two ways, either using titanium catalysts or by a peroxide-induced free 
radical polymerization, rather than with aluminium alkyls.) 
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PROBLEMS 

1. The first element in each of the main groups in the periodic table shows 
anomalous properties when compared with other members of the same 
group. Discuss this statement with particular reference to the elements 
Li, Be and B. 

2. What is the main source of boron? Outline the steps in the extraction 
of boron. 

3. Draw the structure of the B, 2 unit found in the solid structure of 
boron. What is this shape called? 

4. (a) List features which make borax a useful primary standard, and 
give a balanced equation to show its use in titrations. 

(b) Work out the shape of the BO^“ ion and explain why it has this 
structure. 

5. Orthoboric acid may be written as H 3 B0 3 or B(OH) 3 . How does it 
ionize in water and which way of writing the formula is the most 
helpful? How strong an acid is it? Why does glycerol enhance its acidic 
properties? Write a balanced equation for a neutralization reaction 
with boric acid. 

6. Give an account of isopolyacids with special reference to borates. 

7. Give one method for the preparation of diborane, B 2 H 6 . Why is it 
called an electron-deficient compound? Draw the structure of di¬ 
borane and give the bond lengths. What is unusual about the bonding 
in this compound? 

8. How does diborane react with (a) ammonia, (b) boron tribromide and 

(c) trimethylboron? 

9. Describe the use of diborane in hydroboration. 

10. Give the preparation, structure and uses of sodium borohydride. 

11. Compare the structures of BF 3 gas, AICI 3 gas and AIC1 3 in aqueous 
solution. 

12. Explain the following: 

(a) BF 3 has no dipole moment, but PF 3 has a substantial dipole 

(b) BF 3 and BrF 3 molecules have different shapes. 

13. Describe the preparation and give the structures of the dihalides of B. 
Ga and In. 

14. What is the principal ore of aluminium? How is the ore purified, and 
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how is the metal extracted? What k th 

function of cryolite in the process? Wh». pro f SS ca "ed? What is the 

15. From the position of Al in the I 3 UmimUm used for? 

expect it to be stable in water? Whv it scries, would you 

16. Give equations to show the reaction • K * '* ^ Wa ' er? 

(b) NaOH, (c) N 2 . (d) 0 2 (e) C | 2 ' Ween Al and: ( a ) HJ,,. 

17. Give two examples of alums Wh,» .... • 

materials dissolve in water? pecies are present when these 

18. How is aluminium chloride prepared 

anhydrous and when dissolved^ water'’ GiL a ' S ' tS S ! rUCture when 
AICI 3 as a Friedel-Crafts caul™ “ eXample ° f ,he use of 

19. How would you prepare LiH and LiAIH 4 . What are they used for? 

20. Give two different preparations for Et,AI and describe its use as a 
catalyst for polymerizing C 2 H 4 . Compare the products formed with 
those described in the section on titanium in Chapter 20. 

21. Compare and contrast the chemistry of boron and aluminium. 

22. Give reasons for trivalency and monovalency in Group 13 elements, 
and comment on the validity of divalent compounds such as GaCl 2 . 

23. Write notes on the chemistry of thallium in the (+1) oxidation state. 

24. Substance (A) is a yellowish-white deliquescent solid which sublimes 
and has a vapour density of 133. (A) reacted violently with water, 
forming solution (B). A sample of (B) gave a curdy white precipitate 
(C) on addition of dilute HNO* and AgNO* solution, but this readily 
dissolved on the addition of dilute NH 4 OH, though a gelatinous white 
precipitate was formed in its place. (D) was filtered off and dissolved in 
excess NaOH, forming a clear solution (E). When C0 2 was passed 
into (E), compound (D) was reprecipitated. 

Substance (A) dissolved unchanged in dry ether, and when this 
solution was reacted with LiH one of two products (F) or (G) was 
formed, depending on whether the LiH was in excess or not. 
Qualitative analysis of solution (B) gave a white gelatinous precipitate 
in Group 111. When 0.1333 g of (A) was dissolved in water and treated 

- - 

reactions. 
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Table 13.1 Electronic structures and oxidation states 


Element 


Electronic structure 

Oxidation states* 

Carbon 

C 

[He] 2r Ip 2 


IV 

Silicon 

Si 

[Ne] 3 s 2 3 p 2 

(ID 

IV 

Germanium 

Ge 

[Ar] 3d 10 4s 2 4p 2 

II 

IV 

Tin 

Sn 

[Kr] 4 d"' Sr Sp 2 

II 

IV 

Lead 

Pb 

[Xe] 4/'* 5 d"' 61 2 6 p 2 

II 

IV 


The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 

in normal type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 


INTRODUCTION 

Carbon is extremely widespread in nature. It is an essential constituent of 
a iving matter, as proteins, carbohydrates and fats. Carbon dioxide is 
essential in photosynthesis, and is evolved in respiration. Organic chemistry 
is evoted to the chemistry of carbon-containing compounds. Inorganic 
compounds produced on a large scale include carbon black, coke, graphite. 

car ^ on dioxide, carbon monoxide (as a fuel gas), urea, calcium 
carbide, calcium cyanamide and carbon disulphide. There is great interest 
10 compounds, carbonyls and it bonding complexes. 

e iscovery that flint (hydrated Si 02 ) had a sharp cutting edge was 
ery important in the development of human technologv. Nowadays silicon 
is important in a number of materials produced in high tonnages. These 
u e cement, ceramics, clays,* bricks, glass and the silicone polymers. 

e very pure element is important in the microelectronics industries 
(transistors and computer chips). 

rmanium is little known, but tin and lead are very well known and 

? « en use ^ as petals since before Biblical times. Lead sheet was used 

. e 00r , l ?. l ^ e Gardens of Babylon (one of the wonders of the 

ancient world) to prevent the water escaping. 





OCCURRENCE OF THE ELEMENTS 

^£T- <*»»«•* 

* „*H «, (Table 13.1). Oe™.“L„“t”. s aT4 ^ 

occurs as traces in the ores of other metak • , , ery ra e ' ° e 

».a. Both Si and G, V ”!1 

Though the abidances of ,i„ »nd“"L 
they occur as concentrated ores which an* , comparatively low, 

have been well known since beC BibUca. *' "" '**" ^ 

Carbon occurs in large quantities combined with other elements and 
compounds mainly as coal, crude oil. and carbonates in rocks such as 
calcite CaCO, and magnesite MgCO, and dolomite [MgCOj • CaCO,). 

13,2 A . bundance °f the elements in the 
earth s crust by weight 


PPm 

180 

272000 

1.5 

2.1 

13 


Relative abundance 

17 

2 

54 

49 = 

36 


Carbon is also found in the native form: large amounts of graphite are 
mined, and extremely small quantities (in tonnage terms) of diamonds are 
mined too! Both C0 2 and CO are important industrially. CO z occurs in 
small amounts in the atmosphere, but this is important as C0 2 has a vital 
role in the carbon cycle with photosynthesis and respiration. CO is an 
important fuel, and forms some interesting carbonyl complexes. Silicon 
occurs very widely, as silica Si0 2 (sand and quartz), and in a wide variety 
of silicate minerals and clays. Germanium is only found as traces in some 
silver and zinc ores, and in some types of coal. Tin is mined as cassiterite 
Sn0 2 , and lead is found as the ore galena PbS. 

EXTRACTION AND USES OF THE ELEMENTS 
Carbon 

Carbon black (soot) is produced in large amounts (4.5 million tonnes in 

1991). It is made by the incomplete combustion of hydrocarbons from 

natural gas or oil. The particle size is very small. Over 90% is used in the 

rubber industry to make car tyres. Its other main use is in newspaper mk. 

Coke is produced in very large amounts (390 million tonnesin 1991). 

Three hundred and thirtv-nine million tonnes were produced by high 

temperature carbonization of coal, in which coal is heated in large oven* 

in the absence of air. Fifty-one million tonnes were produced' b > d 

heavier petroleum oils. Coke is extremely important in the metallurgical 
r continued overleaf 
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extraction of iron and many other metals. The distillation of coal al 
provides a valuable source of organic chemicals. 0 

In 1992, 930000 tonnes of natural graphite were mined (China 59°/ 
South Korea 17%, the Soviet Union 7% and India 5%). This is usuaN 
found as a mixture with mica, quartz and silicates, which contains io^ 
60% C. Graphite is separated from most of the impurities by flotation 
Finally it is purified by heating with HCl and HF in a vacuum to remove the 
last traces of silicon compounds as SiF 4 . Sedimentary deposits of carbon 
are mined in Mexico. This was once thought to be amorphous carbon, but 
is now regarded as microcrystalline (very finely divided) graphite. Nearly 
as much graphite is made synthetically as is mined. 

3C + Si0 2 -^SiC + 2CO i2£ ^C (l . raphl ,, ) + Si (e , 

Graphite is used for making electrodes, in steel making and metal foun¬ 
dries, for crucibles, as a lubricant, and in pencils, brake linings and brushes 
for electric motors. It is also used as the moderator in the cores of gas 
cooled nuclear reactors, where it slows down neutrons. 

Activated charcoal is made by heating or chemically oxidizing sawdust or 
peat. World production was 864200 tonnes in 1991. Active carbon has an 
enormous surface area, and is used to purify and decolorize sugar and 
other chemicals. It is also used to absorb poisonous gases in gas masks, in 
filter beds at sewage plants and as a catalyst for some reactions. 

The largest sources of diamonds are Australia 41%, Botswana 16%, 
Zaire 14%, the Soviet Union 11%, and South Africa 10%. World pro¬ 
duction of natural diamonds was 98400000 carats or 19.68 tonnes in 1992. 
Large diamonds are cut as gemstones, and their size is measured in carats 
(I g = 5 carats). About 30% are used as gemstones, and 70% are used for 
industrial purposes, mainly for making drills, or as an abrasive powder for 
cutting and polishing, as diamond is very hard (10 on Mohs’ scale) - see 
Appendix N. It is economic to make small industrial quality diamonds 
synthetically, by high temperature and pressure treatment of graphite. 

Silicon 

More than a million tonnes of Si are produced annually. Most of it is added 
to steel to deoxidize it. This is important in the manufacture of high silicon 
corrosion resistant steels. For this purpose it is convenient to use ferro- 
siiicon. This is an alloy of Fe and Si. In 1991,3.5 million tonnes of ferro- 
silicon were produced. It is made by reducing Si0 2 and scrap iron with 
coke. 

SiO, + Fe + 2C — FeSi + 2CO 

The element Si is obtained by reducing SiO : with high purity coke. There 
must be an excess of Si0 2 , to prevent the formation of the carbide SiC. Si 
is a shiny blue-grey colour and has an almost metal-like lustre, but it 
is a semiconductor, not a metal. High purity Si (for the semiconductor 
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industry) is made by convertino «• 

and reducing the chloride with Mg £ Zn'*' PUrifymg ,his by d ^ti)lation 


Sl °2 + 2C Si + 2CO 
Si + 2CI 2 Si C | 4 
S 'CU + 2Mg - Si + MgC , 2 

The electronics industry requires sm,n 

germanium (with a purity better than l T^'if ° f ul,ra P. ure H«con and 

tors when pure, but become p-tyne orm Tbese materials are insula- 

with a Group 15 or Group 13 ^. ; ,ype semico "ductors when doped 

transistors and semiconductor devicev respec,lve| y- These are used as 

computer chips (see Chapter 3 under pure Si is also u *ed to make 

devices’). To obtain ultrapure Si or r„ ,‘ cromina,u ™ed semiconductor 

much as possible, for example by careful f ma,er ! als are first Purified as 

get pure Si. For the final stage ofourifi™ * °" a d,s,illa,ion of SiCI 4 to 

is used. This is an excellent meZdf " 3 pr0cess called zone ^fining 

element, which has already been nnrifi H Sma11 qUan,i,ies A rod of the 

quartz tube filled with an inert ga S P A heati*' 6 ^'^', ‘ S P ' aCed in a lone 

rod. The heater moves slowly r m l ? C011 mel,s a ,hin disc of the 

metal crystallizes from the me d ““•'? the ° ,her - and Si or 

liquid, and are carried .?"* S °' Ub,e ta ‘ he 

discarded. Semiconductor aualitv Si <-» i *u Where ,bey are cut off and 
of Na 1 »»,k* u • , ^ ^ also be made by sodium reduction 

as ,s * "»"*<« ptaA «m« 

Na 2 [SiF 6 ) + 4Na —♦ Si -h 6NaF 

Germanium 

Ge has been recovered from coal ash, but it is now recovered from the flue 
dust from smelting Zn ores. A number of steps are required in the recovery 
of Ge from flue dust to concentrate and purify it. These give pure Ge0 2 
which is reduced by H 2 to Ge at 500°C. Transistor grade (ultrapure) 
material is obtained by zone refining. World production was about 50 
tonnes in 1993 (20% of it from the USA). It is used mainly for making 
transistors and semiconductor devices. It is transparent to infra-red light 
and is therefore also used for making prisms and lenses and windows in 
infra-red spectrophotometers and scientific apparatus. 
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Tin 

The only important ore is cassiterite Sn0 2 . Mine production was 177000 
tonnes (metal content) in 1992. The main supplies now come from China 
25%, Indonesia 17%, and Brazil 15%. In the UK, tin was mined in 
Cornwall from Roman times until this century, but these mines are now 
uneconomic. 

Sn0 2 is reduced to the metal using carbon at 1200-1300°C in an electric 

continued oveheaf 





furnace. The product often contains traces of Fe, which make the met al 
hard. Fe is removed by blowing air through the molten mixture to oxidi Ze 
the iron to FeO, which then floats to the surface. 

The main uses of Sn are electroplating steel to make tin-plate, and 
making alloys. Tin-plate is extensively used for making cans for food and 
drinks. The most important alloy is solder (Sn/Pb). ^ut .there are many 
others, including bronze (Cu/Sn), gun metal (Cu/Sn/Pb/Zn) and pewter 
(Sn/Sb/Cu). Sn0 2 is used as a glaze in ceramics, and is often mixed with 
other metal oxides as pigments for pottery. SnCU and Me 2 SnCl 2 are used 
to produce very thin films of Sn0 2 on glass. This toughens the glass, so 
bottles can be made with thinner walls, and glass can be made scratch 
resistant (useful for spectacles). Slightly thicker films are put on glass 
windows, to reduce heat losses. The film allows visible light to pass 
through, but reflects IR radiation, and thus keeps heat inside a room. 
A film of Sn0 2 is put onto aircraft windows. This conducts electricity and 
thus produces heat, and prevents the window from frosting up. Large 
amounts of organotin compounds are used (estimated to be over 40000 
tonnes/year). Compounds R 2 SnX 2 (where R is an alkyl group such as 
n-octyl and X is an organic acid residue such as laurate) are used to 
stabilize halogenated plastics such as PVC. Without a stabilizer, the plastic 
degrades in sunlight, air or on heating and becomes brittle and dis¬ 
coloured. The butyl compound Bu 2 SnX 2 is used to ‘cure’ or vulcanize 
silicone rubber at room temperature. Inorganic tin compounds are used as 
flame retardants and smoke suppressants. Triorgano compounds such as 
Bu 3 SnOH or Ph 3 SnOAc are extensively used in agriculture to control fungi 
such as potato blight (Botrytis infestans) and similar fungal attack of vines, 
rice and sugar beet. Similar compounds kill red spider mites which attack 
fruit crops such as apples and pears, and other insects and larvae. They are 
also used to preserve wood. They make very effective and long-lasting 
antifouling paint for boats, preventing the build-up of barnacles. This use 
has now been banned because the heavy metal Sn seems to have entered 
the food chain. 

Lead 

The main ore is galena PbS. This is black, shiny and very dense. The main 
sources are the USSR 17%, Australia 14%, the USA 10%, Canada 9%, 
and Peru, Mexico and China 6% each. Galena is mined and separated 
from other minerals by froth flotation. There are two methods of extracting 
the element: 

1. Roast in air to give PbO, and then reduce with coke or CO in a blast 
furnace. 

2PbS + 30 2 - 2PbO—2Pb (liquid) + C0 2(gas) 

+ so 2 

2. PbS is partially oxidized by heating and blowing air through it. After 



- —— - 4 0 

some time the air is turned off and heaim- 

undergoes self-reduction. g ls con "nued. and the mixture 
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3PbS 


heat in . 

-♦ PbS + 2PbO hcat ,n 

a,r absence of air ^ b niquid) + S0 2 (g as j 


The metal contains a number of metallic • • 

Sb, Bi and Zn. These are removed by cooling 11651 C l! , Ag ’ Au ’ Sn ' As ’ 
Pb. when first Cu and then Zn containing most 0 Hhe a® ^T'" 8 poim of 
Preferential oxidation converts As, Sb and Sn to AsoVh"^" ”****■ 
which float on the surface of the molten mpiai Sb 2°^ and Sn0 2 

w „,d P ,od„io„ o f Pb ... s .3 mo i:'i" d :'^ ■£r 

million tonnes was primary production from Ph«t * ,° f th,s - 31 

ores are Australia 19%, the u’sa 13%^ ^ ChinaToT^ 
recycling of scrap lead yielded 2.2 million tonnes. About 55% of Tie 
Pb produced is used to make lead/acid storage batteries. More than 58 
million car batteries were produced in 1985. In these the supporting gnd 
for the electrodes is made of an alloy of 91% Pb and 9% Sb. The active 
anode material is PbOj, and the cathode material is spongy Pb. Over 80% 
of ‘battery lead’ is recovered from worn-out batteries and recycled. About 
15% of lead production is used for lead sheets, lead pipes and solder. The 
manufacture of PbEt 4 as an additive to petrol at one time used 10-20%, 
but this is declining rapidly. About 10% is used in paints and pigments! 
Red lead paint containing Pb 3 0 4 is used for rustproofing metal and white 
lead (PbC0 3 )2 * Pb(OH) 2 was at one time widely used as an opacifier in 
paint. Their use has declined because lead is toxic, and Ti0 2 is a good 
alternative opacifier. Calcium plumbate Ca 2 Pb0 4 is used for rustproofing 
corrugated steel sheets, and PbCr0 4 is used as a strong yellow pigment 
for road signs and markings. Lead compounds are also included in crown 
glass and cut glass, and in ceramic glazes._ 


STRUCTURE AND ALLOTROPY OF THE ELEMENTS 

Carbon exists in a large number of allotropic forms. These include dia¬ 
mond, a- and B-graphite, a rare hexagonal form of diamond, and a variety 
of discrete molecules such as C*. which are really clusters of carbon 
atoms, and are called collectively fullerenes. . 

Si, Ge and Sn also have a diamond type of 

a metallic form. Pb exists only in the meta ll? r Q s un i que t o Ga 
the liquid expands when it forms the solid. This property is unique Ua, 

Ge and Bi. 


I3.2°C 


p-Sn 

white tin 
(metallic) 


a-Sn 

grey tin 

(diamond structure) 

,:„ e a nd in contrast graphite is quite 
Diamond is extremely unreact , 

reactive. 
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(b) 


Figure 13.2 (a) The structure of 
a graphite sheet, (b) Structure of 
a-graphite. 



bla^M™ a ? ty P' Cally colour|e ss, though industrial diamonds are ofi en 
<h , ' . naturally occurring diamonds contain a trace of nitrogen h 

, ” d ' am ,? nds ’ contain a trace of Al instead. In diamond each C aTom ' 

1 Si A tv. y surrounded *>y four other C atoms, each at a distance of 
. ‘ etrah edra are linked together into a three-dimensional giant 

cu e. The unit cell is cubic. Strong covalent bonds extend in all 
tree ions. Thus the melting point is abnormally high (about 3930 °n anH 

is <*~ Figure 13.1). On . rare modified" 

Qy the tetrahedra are arranged differently to give a wurtzite-likp 
structure and a hexagonal unit cell.) 



cf(rm«/^i*Qarendon a press! C Oxford.t lam0n< * (WeMS ' A F " S,ruc,ural ,nor S anic 

Each sheeHs^h!^ 05 ^ i°^ two ' d ' ,nens '0*>al sheets of carbon atoms. 

system of benzene^ngs (Rgure^T Th^l ** T"** “ “ 

relatively weak a ^ Ure ^ The layers are held together by 

in the sequence ABAB ^fthT^h'H^ thC layerS *** arranged 

In P-graphite the order of layers b ABCABC*' 3 ' tT* ?"* ‘^e 
interconvertible. Heatinn ABCABC.. . The two forms are 

both forms the C_ r h ^a S ^ mt0 a ’ anc * Sending turns a into (3. In 

C—C distance of I 40 A . en ^ t ^ ls w *^* n a sheet are 1.41 A (similar to the 

3.35 A. This interlave m ^ enzene ^ The distance between layers is 

covalent radius of carbon 54T- m ° fe ‘ han ,W ' Ce 

layers is weak. Grachia h ' 54 . ~ 3.08 A). Thus bonding between 

for the remarkabksoftnSTof Ihe^ ,he layers ' which accoun,S 

Appendix N for Mohs' scale t fn h? S (>1 on Mohs ' scale) (See 
its own or in graphited oil in a P h,te ,s used as a lubricant, either on 

and has abrasive properties The**-* d,amond is hard ( 10on Mohs’scale) 
means that the arnm« h w, ^ e s P ac * n 8 °f sheets in graphite also 

Thus the dei; t0 ^ t0 fiI « space very effectively 
(3.51 gem"'). Fa ^ ltC -22gcm ') is lower than that of diamond 

involv 8 e r d P ?n e for n minv hre r, e ? Va ' enCy elee,rons of each carbon atom are 
forming.o bonds (using hybrjd orbitals) The fourth 
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r" ' CARBON, SIUCON^^^—- 

electron forms a k bond. The n electrons are . 
sheet, and as they are mobile, graphite conduct! ^ ed ove r Ihe whole 
can occur in a sheet, but not from one sheet to another'* C ° nduC,ion 
Graphite is thermodynamically more stable than h- 
en ergy of formation is 1.9kJmo|-' lower a,^ r "^ and i,S free 
ordinary pressure. Thermodynamically it j s favourable^'feature and 
turn into graphite. They do not normally do so because ther'. h-‘u 
energy of activation for the process. If this activation energy s avaHabfe 
the change does occur, and diamond tipped drills do h„r„ 8 ^ ! 

possible, and it requires very forcing high energy conditions to C on 2 
graphite to diamond. Graphite can be converted to svmh^i. h . 
K°C by a pressure of 50000-60000 atmospheles d ' am ° ndS “ 

When an e'ectnc spark is struck between graphite electrodes, soot is 
produced. (An atmosphere of argon is required to prevent the formation 
of C0 2 and CO.) This soot is mainly carbon black, but contains significant 
amounts of a Qo carbon cluster compound sometimes called buckminster 
fullerene. Smaller amounts of other similar fullerenes C 32 , C 50 , C 70 , C 76 
and Cg 4 may also be produced. The fullerenes are easily extracted from 
the soot by dissolving them in benzene or hydrocarbon solvents, giving a 
wine red solution and finally mustard-coloured crystals. The different 
compounds are separated chromatographically. 

This isomer of carbon differs from diamond and graphite (which form 
lattices), in that the fullerenes form discrete molecules. The C«*, molecule 
looks rather like a soccer ball, and is sometimes called ‘a bucky ball’. 

It consists of a fused system of five- and six-membered rings (Figure 
13.3). Fullerenes are covalent; hence their solubility in organic solvents. 
However, they can easily be reduced electrochemically, and react with 
Group 1 metals, forming solids such as K 3 Q 0 . This compound behaves as 
a superconductor below 18 K, which means that it carries an electric 
current with zero resistance. C^o reacts with OSO 4 , which adds across one 
of the double bonds in the cage. It also forms platinum complexes. 

DIFFERENCES BETWEEN CARBON, SILICON AND THE 
REMAINING ELEMENTS 

In general, the first element in a group differs from the rest of th « 8 r0 “P 
because of its smaller size and higher electronegativity, ese resu in e 
first element having a higher ionization energy, being more cova en 

being less metallic. „ . frtrm i no % 

Using the classical theory of orbitals are 

a maximum of four covalent bonds, becau y . to 4 ; n 

available for bonding. This would limit the coor ,na 1 three Qr 

these compounds. The majority of ca [ bon now we |i established, 

four-coordinate. However, multi-centre bo . k 3S higher co- 

and a number of compounds are known where carbon has higher 

ordination numbers, as shown in Table 13.3. 



Figure 13.3 Structure of 
buckminster fullerene. 
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Table 13.3 Some carbon compounds with 
higher coordination numbers 


Compound 

Coordination number 

AI*(CHj)6 

5 

B 10 C 2 H 111 R 2 

6 

Li 4 (CH,) 4 

7 

|Co s C(CO)i<| : " 

8 


In addition, carbon differs from the other elements in its unique ability 
to form pn-pn multiple bonds, such as C=C, C=C. C=0, C=S and 
C=N. The later elements do not form pn-pn bonds, principally because 
the atomic orbitals are too large and diffuse to obtain effective overlap but 
they can use d orbitals in multiple bonding, particularly between Si and N 
or O. Thus N(SiH 3 ) 3 is planar and has pn-dn bonding but N(CH 3 ) 3 i s 
pyramidal and has no n bonding (see Figure 13.18). 

Carbon also differs from the others in its marked ability to form chains 
(catenation). This is because the C—C bonds are very strong, and the 

bonds Si Si, Ge—-Ge and Sn—Sn decrease progressively in strength 
(Table 13.4). 6 


Table 13.4 Bond energies 


Bond 

Bond energy 
(kJ mol -1 ) 

Remarks 

C—C 

348 

Forms many chains of great length 

Si—Si 

297 

Forms a few chains up to Si 8 H, 8 in hydrides 
and Si|*F 34 , Si^Clu, SijBr m with halogens 

Ge—Ge 

260 

Forms a few chains up to Ge fe H| 4 in hydrides 
and Ge 2 CI* with Cl 

Sn—Sn 

240 

Forms dimer SfoH* in hydrides 


Carbon and silicon have only s and p electrons, but the other elements 
follow a completed transition series with ten d electrons. Thus some 
differences are expected, and carbon and silicon differ both from one 

another and from the rest of the group, while germanium, tin and lead 
form a graded series. 


CARBON DATING 

The technique of carbon dating can be used to measure the age of 
archeological objects. Carbon occurs largely as the isotope l2 C, but there is 
a small amount of C, which leads to the average atomic weight of 12.011 - 
In the atmosphere, dinitrogen is bombarded by cosmic neutrons, which 
produces the isotope l4 C. 

*?N + in -► ^C + jH 
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as* —- * 

the plant. Ail piani tissues tnus contain traces nf * , . 

^ they too contain traces of '« C Thfk ° c Animals eat plants. 

SaJtive. It undergoes Mecay. and ht 

the plant or animal .s alive a natural balance exists between the maTe of 
radiocarbon and that lost by decay. This steady state gives 15 3 + 0 
disintegrations per minute per gram of carbon. When the plan, or animal 
dies the intake of radiocarbon ceases, but (3-decay continues. Thus a very 
old sample of wood, cloth, paper, leather etc. will be less radioactive than 
a recent sample. A very small sample is burnt in dioxygen, and the C0 2 
produced is introduced into a suitable radiation counter By carefully 
measuring the present radioactive decay rate, it is possible to calculate how 
long ago the plant or animal died. This provides an absolute scale for 
dating objects of plant or animal origin between 1000 and 10000 years old. 
The technique has recently been used to determine the age of the Turin 
shroud, and many other objects. W.F. Libby was awarded the Nobel Prize 
for Chemistry in 1960 for developing this technique. 


PHYSICAL PROPERTIES 

l 

Covalent radii 

The covalent radii increase down the group. The difference in size between 
Si and Ge is less than might be otherwise expected because Ge has a full 3 d 
shell which shields the nuclear charge rather ineffectively. In a similar way 
the small difference in size between Sn and Pb is because of the filling of 
the 4/ shell. 


Table 13.5 Radii, melting points and electronegativity values 


Covalent 

radius 


0.77 

1.17 

1.22 

1.40 

1.46 


Ionization energies 
(kJ mol -1 ) 


1086 

786 

760 

707 

715 


2nd 3rd 4th 


2354 

1573 

1534 

1409 

1447 


4622 

3232 

3300 

2943 

3087 


6223 

4351 

4409 

3821 

4081 


Melting 

point 

(°C) 

4100 

1420 

945 

232 

327 


Boiling 

point 

(°C) 


3280 

2850 

2623 

1751 


Pauling's 

electro¬ 

negativity 

values 


Ionization energy 

The ionization energies decrease from C to Si, hut then **! 

irregular way because of the effects of filling the d and/shells. The am 
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- -^FgROUP JIELEMENTS-- 

• m form M ** ions is extremely large and hence sim p i e 
of energy required to Jhc only elements which will give a | a L 

ionic compounds a .difference to give ionic character are F and o 

S„F.. PbF.. SnO a „d PbO, «. sig „ ifa „ u> 

cly *»«*•»> «" ,s pb 

Melting points 

^ . c a „ pv.remelv high melting point. Si melts appreciably lower than C, 
L the values for Si fnd Ge are still high. They all have the very stable 
diamond type of lattice. Melting involves breaking the strong covalent 
Ss in this lattice, and so requires a lot of energy. TJe melting points 
decrease on descending the group because the M-M bonds become 
weaker as the atoms increase in size (Table 13.4). Sn and Pb are metallic, 
and have much lower melting points. They do not use all four outer 

electrons for metallic bonding. 

Metallic and non-metallic character 

The change from non-metal to metal with increasing atomic number is well 
illustrated in Group 14, where C and Si are non-metals, Ge has some 
metallic properties, and Sn and Pb are metals. The increase in metallic 
charactershows itself in the structures and appearance of the elements in 
physical properties such as malleability and electrical conduct,vit^and n 
chemical properties such as the increased tendency to form M ions 
the acidic or basic properties of the oxides and hydroxides. 

Four-covalent compounds 

The majority of the compounds are four-covalent. In th J ““ 
outer electrons take part in bonding. In the valence bond theory '» 
explained by promoting electrons from the ground state to an excited • 
The energy needed to unpair and promote the electron is more P 
by the energy released on forming two extra covalent bonds. The a 
tion of the four orbitals results in a tetrahedral structure, consisten 

sp y hybridization. 


Electronic structure of l* 2s 2p 

a r “ [u| [til It ft 

ground state L_J I—I ——— 

two unpaired electrons, thus can only 
form two covalent bonds 


Carbon atom - 
excited state 


0 0 



four unpaired electrons, thus can now form 
four covalent bonds, giving a tetrahedral 
structure 
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CHEMICAL reactivity 

The elements in this group are relatively unreaeiiv,- k , 
increases down the group. The M" oxidation state h i b reac,lv “- v 
stable on descending the group. Pb often appears more n TT .' nCreasm ? l >' 
lhan expected from its standard electrode potential of -0 , ^“he 
unreactiveness is partly due to a surface coating of oxide *nH ' l 
» high o.en»,«,i.l for ,h« ol 

T» e production of H, from H a , led Ac,, ode is k i„i, ic ,||, „„ 

able, so a much larger potential ,s required than the standard reduenon 
potential. 

c. Si and Ge are unaffected by water. Sn reacts with steam to give SnO, 
and H 2 . Pb is unaffected by water, probably because of a protective oxide 
film. 

C. Si and Ge are unaffected by dilute acids. Sn dissolves in dilute HNO, 
forming Sn(N0 3 ) 2 . Pb dissolves slowly in dilute HCI. forming the sparingly 
soluble PbCI 2 and quite readily in dilute HN0 3 , forming Pb(N0 3 ) 2 and 
oxides of nitrogen. Pb also dissolves in organic acids (e g. acetic, citric and 
oxalic acids). Pb does not dissolve in dilute H 2 S0 4 because a surface 
coating of PbS0 4 is formed. 

Diamond is unaffected by concentrated acids, but graphite reacts with 
hot concentrated HN0 3 , forming mellitic acid, and with a mixture of 
hot concentrated HF/HNOi, forming graphite oxide. Si is oxidized and 
fluorinated by concentrated HF/HN0 3 . Ge dissolves slowly in hot con¬ 
centrated H->S0 4 and in HNOv Sn dissolves in several concentrated acids. 
Pb does not dissolve in concentrated HCI because a surface coating of 

PbCl-> is formed. 

C is unaffected by alkalis. Si reacts slowly with cold aqueous solutions 
of NaOH. and readily with hot solutions, giving solutions of silicates 
[Si0 4 ] 4 " Sn and Pb are slowly attacked by cold alkali, and rapidly by hot 
alkali, giving stannates Na,(Sn(OH) (> | and plumbates Na,|Pb(OH)„|. Thus 
Sn and Pb are amphoteric. 

Diamond does not react with the halogens, but graph.te reacts w,thF 2 at 
500°C, forming intercalation compounds or graphite flu °" ( 

Ge react readily with all the halogens, form.ng volatile hal des S.X 4 and 

GeX 4 . Sn and Pb are less reactive an jn the co ld. 

and with F 2 and I 2 on warming, giving SnX 4 . Pb 
forming PbF 2 , and with CU on heating, giving 


INERT PAIR EFFECT . .,. 

i jn thp heavier members oi ine 

The inert pair effect shows itself '^creasing y ( + |V) oxidation state and an 

group. There is a decrease in sta 11 ^ ° on d esC ending the group. 

increase in the stability of the ( ) G e( + lV) is stable. Sn(H-II) 

Ge(-f II) is a strong reducing agent wh but Sn ( + IV) is covalent 

exists as simple ions which are str ° n ^J . orc common than Pb( + IV), 
and stable. Pb( + II) is ionic, stable a 
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■^JJe group iTelements 


• -J- „„ The lower valencies are more ionic because the radius 

sweater ,han .ha. of M J * and according to Fajans' rules. Ihc 
tt, L‘m the greater rhe rendenc, ,o ccalenc,. 


STANDARD REDUCTION POTENTIALS (VOLTS) 



GRAPHITE COMPOUNDS 

The distance between layers in graphite is large: hence the bonding 
between layers is weak. Thus a large number of substances can invade the 
space between sheets, forming intercalation compounds of varying com¬ 
position. When atoms, molecules or ions invade the space between the 
layers, they cause an increase in the interlayer distance. Provided that the 
graphite sheets remain flat, the new compound retains its graphite-like 
character: the n electrons continue to be delocalized over the whole layer, 
and are thus able to conduct electricity. If the invading atoms add electrons 
to the n system, the electrical conductivity is increased. Reactions of this 
kind (i.e. intercalation reactions) are often reversible. 

When graphite is heated to about 300°C with the vapours of the heavier 
Group 1 metals K, Rb and Cs, it absorbs metal, forming a bronze coloured 
compound C 8 M.The bronze colour is due to the formation of metal atom 
clusters at these relatively high metal concentrations, in the same way as 
clusters are formed in solutions of these metals in liquid ammonia. If C#M 
is heated to 350°C under reduced pressure, metal is lost and a series of 
intercalation compounds are formed ranging from steel blue to blue or 
black in colour, depending on the number of layers invaded by the metal 
(see Table 13.6). 


C + M —► C k M 

C 8 M - C 24 M •- C*>M - C 48 M - C„,M 

Intercalation compounds of Li and Na are more difficult to make, but a 
series of compounds is known: C 6 Li, C !2 Li, C,„Li, C, 8 Li and C 4( >Li. 

The crystal structure of C 8 k is known. The graphite sheets remain 
intact, but the gap between the sheets increases because of the presence of 
metal atoms. The C atoms in one sheet are arranged vertically above those 
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in the sheet below rather than in the A Bar" - 

a .graphite. Since the sheets remain flat t heu arran gement found in 
electron system. Thus C„K can conduct electTi'? ‘ heir delo «'i«d « 
resistance is appreciably lower than f 0r 0 -aranh ! V ’ but the electrical 
better than graphite (resistance at 285 K „ Ph, ‘ e ’ Le - c kM conducts 
1 . 02 ohm cm). Graphite is diamagnetic, and 28 - 4 °hmcm; C a K 

suggests that bonding between metal and ora" v. ' S para magnetic. This 
transfer of an electron from the alkali metal t layers involves 'he 

the conduction band) of the graphite sheets r* * sys,em ( ,hat is 

of the invading species forces the eraDhite L.T K + e > Th e presence 
distance of 3.35 A up to a distance as great as ioT't from ,heir usual 
graphite compounds are highly reactive tv, UA ’ These alkali metal 
react vigorously in air. The > ma V explode in water, and 

FeCl.i reacts with graphite and forms a Hiffor^ 
compound. Similar behaviour is found with 01 * yPe ° f mtercala,i °n 

1. the halogens Cl 2 and Br 2 ; 

2. HF; 


TaW L l c^r I . dealiZed f H P !.T nta,,0n 0f g ra Phi*e compounds showing 
numbers of layers invaded bv metal B 


by metal 


different 


ChM 

bronze 

c, 4 m 

steel-blue 

C*,M 

blue 

C„M 

black 

QiiiM 

black 

every layer 
invaded 

every second 
layer invaded 

every third 
layer invaded 

every fourth 
layer invaded 

every fifth 
layer invaded 


-C -c -c -c -c 

-M -M -M -M -M 



-M 
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THE GROUP 14 ELEMENTS 


3. a large number of halides including CdCI 2 , ( uBr 2 , FeCI 3 , AIC| ( r •. 

TiFj, MoCI,. SbF v UCI„, and XcF„; '' 1IF 

4 . a number of oxides Cr0 3 , Mo0 3 , S0 3 , N 2 O s and C'l 2 0 7 , 

5. and some sulphides FeS 2 , PdS, V 2 S 3 . 


Some of the invading compounds can dct as electron pair accepi 0rs 
others, for example FeCI 3 , the compound C^FeCI* is formed in which i! n 
FeCI 3 forms a layer lattice within the host lattice of graphite. This is alrn 
the same as the layer lattice formed by FeCl 3 itself. The presence of h $l 
kind of invading species increases the electrical conductivity of graphit u 
a factor of up to ten times. There seems to be a transfer of electrons f ro ' 
graphite to the invading atoms. With Cl 2 and Br 2 the halogen may remov^ 
bonding electrons from graphite fCl + e —* Cl - ) thus leaving a ‘positive 
hole' in the valence band. The positive hole can migrate, and therefore 
can carry current. It is not known how conduction occurs in the halid 
intercalation compounds. 


A third class of compounds is formed between O and F with graphite 
These compounds are non-conducting. Graphite oxide is formed when 
graphite is oxidized with strong reagents such as concentrated HNO 
HCIO 4 or KMn0 4 . Graphite oxide is unstable, pale lemon coloured and 
nonstoichiometric. It decomposes slowly at 71TC, and catches fire at 
200 °C, forming H 2 0, C0 2 , CO and C. The OrC ratio approaches 12. 
but is often short of oxygen and frequently contains hydrogen. The inter¬ 
layer spacing is increased to 6-7 A. The oxide absorbs water, alcohols, 
acetone and a variety of molecules. This may increase the interlayer 
spacing up to 19 A. -X-ray diffraction shows a layer structure with puckered 
sheets made up of a hexagonal network of atoms. The C 6 units are mostly 
in the chair conformation, but a few C=C bonds remain. The oxygen 
forms bridging (ether-like) linkages C—O—C and C—OH groups which 
may undergo keto-enol tautomerism =C—OH to >C=0. The sheets are 
buckled because all four electrons on a C atom are now' involved in o 
bonding. This destroys the delocalized system of mobile n electrons found 

in the flat sheets in graphite, and this explains the loss of electrical 
conductivity. 


Graphite fluoride is formed by heating graphite in F 2 at 450 °C. The 
reaction proceeds at a lower temperature in the presence of HF. This can 
happen in cells producing F 2 . and not only will it destroy the electrode, but 
it may also cause an explosion. The product CF„ is nonstoichiometric. and 
n ’ varies from 0.7 to 0.98. The colour varies from black through grey to 
silver and white with increasing fluorine content. The interlayer spacing is 
a ut 8 A. The structure is thought to be a layer structure with buckled 
sheets. It involves tetrahedral bonding by C atoms. CF is non-conducting, 
and very unreactive. 


CARBIDES 

Compounds of carbon and a less electronegative element are called 
carbides. This excludes compounds with N. P. O. S and the halogens from 
this section. Carbides are of three main types: 
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, ionic or salt-like -- 

? interstitial or metallic 
** • 

3 covalent 

The formulae of some of the compounds , 

application of s.mple valency rules. All three wT * ra " ona ''«d by , he 
hemetal or t.s ox.de w„ h carbon or a by heab " g 

20UU n at ,e mperatures of 


1 


Salt-like carbides 


It is convenient to group these' deoendino 

contains C, C 2 or C, 'anions . ® on w bether the structure 

Beryllium carbide Be 2 C is a red solid and m . w 

BeO at 2000°C. Aluminium carbide AI.C is ^ e made b y heatingC and 

heating the elements in an electric furnace R pal ' yellow sol ' d formed by 
atoms/ions, but the. structure of AI 4 C^ is C: . conlams individual C 
formulate the structure as 4AI 3+ and 3C*~ a COm v f ex ; II is misleading to 

is unlikely. Both Be 2 C and A1 4 C, are called 3 w 8h Charge “Paralion 
with H,0. yielding methane. ™hon,des because they react 

Carbides with a C 2 unit are well known. They are fnr m a . 
elements in Group 1 (M£ 2 ); Group 2 (M"C V the d mamlly by ,he 

Ag. Au); Zn and Cd; and some of the lanthanldeMLnrfnHT' 3 ^^' 
These are all colourless ionic compound* an H C 2 and Ln 4 (C 2 ).,). 

( _C=C-) 2 -. By far the most important compoundTcac'rh' 6 " 16 '°" 
commercially by strongly heating lime and coke: Th ' S ' S made 


CaO + 3C — CaC 2 + CO A H = +466kJmol-' 


The reaction is endothermic, and a temperature of 2200°C is required 
These carbides react exothermically with water, liberating ethyne (formerly 
called acetylene), so they are called acetylides. 


CaC 2 + 2H 2 0 Ca(OH) 2 + HC=CH 

Production of CaC 2 reached a maximum of 7 million tonnes/year in 1960, 
but has since declined to 4.9 million tonnes in 1991. At one time it 
was the major source of acetylene for oxy-acetylene welding, but ethyne is 
now obtained mainly from oil. CaC 2 is an important chemical intermediate 
and is used on an industrial scale to produce calcium cyanamide. Cyana- 
mide is used as a nitrogenous fertilizer, and to make urea and melamine. 
(See Chapter 11, under ‘Carbides’.) 


CaC 2 + N 2 2M! ^Ca(NCN) + C 

The acetylides have a NaCI type of lattice, with Ca 2 * replacing Na* and 
^ 2 " replacing Cl". In CaC 2 , SrC 2 and BaC ? the elongated shape of the 
(C=C)“~ ion causes tetragonal distortion of the unit cell, that is it 
elongates the unit cell in one direction - see Chapter 3 Figure 3.12. 

One of the two carbides of magnesium Mg>Ci contains a C* unit, and on 
hydrolysis with water it yields propyne CH^ C=CH. 
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Interstitial carbides 

These are formed mostly by transition elements, and some of the | an , h 
nides and actinides. The Cr. Mn. Fe. Co and Ni groups form a | a 2’ 
number of carbides with a wide range of stoichiometries. They are typj ca) | 
infusible or are very high melting, and are very hard. For example T a r 
has a melting point of 3900 °C. and is very hard (9-10 on Mohs' scale of 
hardness), and WC is also very hard. Both are used to make cutting tool 
for lathes. Interstitial carbides retain many of the properties of meta| s S 
They conduct electricity by metallic conduction, and have a lustre like 
metal. 

In these compounds, C atoms occupy octahedral holes in the close 
packed metal lattice, and so do not affect the electrical conductivity of the 
metal. Provided that the size of the metal is greater than 1.35 A. the 
octahedral holes are large enough to accommodate C atoms without dis¬ 
torting the metal lattice. (Since we are considering a metal lattice, p. 
coordinate radii must be used.) If all the octahedral holes are occupied the 
formula is MC. Interstitial carbides are generally unreactive. They do not 
react with H 2 0 like ionic carbides. Most react slowly with concentrated HF 
or HNO v 

Some metals, including Cr, Mn, Fe, Co and Ni, have radii below 1.35 a. 
hence the metal lattice is distorted. Thus the structures are more com¬ 
plicated, for compounds such as V 2 C, Mn 5 C 2 , Fe,C, V 4 C, and others. 
Cementite Fe.iC is an important constituent of steel. These carbides are 
more reactive, and are hydrolysed by dilute acids, and in some cases by 
water, giving a mixture of hydrocarbons and H 2 . 

Some carbides are based on the NaCl structure, with C occupying all of 
the Cl - positions. These include carbides of some of the early transition 
metals TiC, ZrC, HfC, VC, NbC, TaC, CrC and MoC, and those of some 
actinides such as ThC, UC and PuC. 


Covalent carbides 

SiC and B 4 C are the most important. Silicon carbide is hard (9.5 on Mohs* 
scale), infusible and chemically inert. It is widely used as an abrasive called 
carborundum, and about 300()(K) tonnes are produced annually bv heating 
quartz or sand with an excess of coke in an electric furnace at 2000- 
2500 °C. 


Si0 2 + 2C —► Si + 2CO 
Si + C —► SiC 

SiC is very unreactive. It is unaffected by acids (except H,P0 4 ), but it does 
react with NaOH and air, and with Cl 2 at 100 °C. 

SiC + 2NaOH + 20 2 — Na 2 Si0 3 + C0 2 + H.O 
SiC + 2CI 2 — SiCI 4 


OXYGEN COMPniiKmc; 


cjC is often dark purple, black or dark green due to trace, nf f, 

Lunties. but pure samples are pale yellow to colourlesl sfr h ,u 
a mensional structure of Si and C atoms each -.1 S ' S C hdS 3 hree ' 
landed by four of the other kind. There are a la? ° m te, ^ ahedra | | y sur ‘ 
Crystal forms based on either the diamond or wurfzit?^?^^ ° f 
carbide is even harder than silicon carbide and is used both ^ tf 0 ™" 
and as a shield from radiation. It is manufactured £££ Z^Us 
formula ts more correctly represented by B„C 2 (see Chapter 12 unde? 

•Borides). 
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OXYGEN COMPOUNDS 

Carbon forms more oxides than the other elements, and these oxides differ 
from those of the other elements because they contain pn-pn multiple 
bonds between C and O. Two of these oxides. CO and CO, are extremely 
stable and important. Three are less stable: C,0 2 . C,0 2 and C 12 0, Others 
which are even less stable include graphite oxide, C>0 and C 2 0, 


Carbon monoxide CO 

CO is a colourless, odourless, poisonous gas. It is formed when C is burned 
in a limited amount of air. In the laboratory it is prepared by dehydrating 
formic acid with concentrated H 2 S0 4 . 

H • COOH + H 2 S0 4 —► CO + H 2 0 

CO can be detected because it burns with a blue flame. It also reduces an 
aqueous PdCI 2 solution to metallic Pd, and when passed through a solution 
of I 2 Os it liberates I 2 , i.e. it reduces I 2 Os to I 2 . The latter reaction is used to 
estimate CO quantitatively. The I 2 is titrated with Na 2 S 2 O v 

PdCl 2 + CO + H 2 0 — Pd + C0 2 + 2HC1 
5CO + I 2 Os — 5C0 2 + I 2 

CO is toxic because it forms a complex with haemoglobin in*the blood, 
and this complex is more stable than oxy-haemoglobin. This prevents the 
haemoglobin in the red blood corpuscles from carrying oxygen round the 
body. This causes an oxygen deficiency, leading to unconsciousness and 
then death. CO is sparingly soluble in water and is a neutral oxide. CO is 
an important fuel, because it evolves a considerable amount of heat when it 
burns in air. 

2CO + O, - 2C0 2 AW" = -565kJ mol" 1 
The following are all important industrial fuels. 

1. Water gas: an equimolecular mixture of CO and H 2 . 

2. Producer gas: a mixture of CO and N,. 

3 - Coal gas: a mixture of CO. H 2 . CH, and CO,, produced at a gasworks 
by distilling coal, and stored in large gas holders. Thu; was the ‘town gas 
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supplied to peoples’ homes for cooking and heating. In the UK it 
now been replaced by natural gas (CH 4 ), but town gas is still used 
some countries. 

Water gas is made by blowing steam through red or white hot coke. 

C + h 2 Q rcdhc l!_»cO + H 2 (water gas) AH° = + 131kJmor ! 

AS° = +134kJmol“' 

The water gas reaction is strongly endothermic (AG = AH - TAS). Thus 
the coke cools down, and at intervals the steam must be turned off and air 
blown through to reheat the coke. It is a particularly good fuel, i.e. it has a 
high calorific value, because both CO and H 2 burn and evolve heat. 
Producer gas is made by blowing air through red hot coke. 

C + 0 2 + 4N 2 C0 2 + 4N 2 



2 CO + 4N 2 (producer gas) 

The overall reaction is exothermic, so the coke does not cool down as with 
water gas. 

2C + 0 2 — 2CO A H° = -221 kJmol -1 and A5° = +l79kJmor' 

Producer gas is a less efficient fuel than water gas, i.e. it has a lower 
calorific value, as only part of the gas will burn. The approximate composi¬ 
tion of producer gas is 70% N 2 , 25% CO, 4% C0 2 with traces of CH 4 , H 2 
and 0 2 . 

CO is a good reducing agent and can reduce many metal oxides to the 
metal. (See ‘The occurrence and isolation of the elements', and Thermo-, 
dynamics of reduction processes’. Chapter 6 .) 


„ „ _hl.ivi I urn. icc __ , 

Fc 2 Oi + 3CO-»2Fe + 3C0 2 

CuO + CO —> Cu + C0 2 

CO is an important ligand. It can donate an electron pair to many 
transition metals, forming carbonyl compounds. The number of CO mol¬ 
ecules bonded to the metal in this way is generally in accordance with 
the effective atomic number rule (see Chapter 7). However, the bonding is 
more complicated than this implies. A number of different stoichiometries 
are formed (Table 13.7). 


Table 13.7 Binary metal carbonyls formed by the first row transition elements 



V(CO)„ Cr(CO) h Mn,(CO),„ Fe(CO)< Co 2 (CO)„ Ni(CO) 4 

Fe 2 (CO)„ Co 4 (CO) l2 





Carbonyl compounds may bo matle . '—-- 

y " VUric ’y reactions: 

Ni + 4CO-^-bvi 

*N,(CO) 4 

Fe + 5Cn .. . 

1 * Fe(CO), 

2Fc(COt. r h, * ll,| >^'s _ 

^ Fe ^CO)„ + co 

CrCI„ + 3Fe(tO), *i, Crirn . 

Lr( CO)„ + 3FeCI> + 9CO 
In the Mond process (now obsolete) for n„ 

Ni(CO) 4 was made from Ni and CO at stCr Vuf mckel - carbonyl 
source of CO.) Ni(CO) 4 is a gas and can c pi ' s w ‘ ,s used as the 

and impunt.es. The Ni(CO) 4 gas Was then dern^'^ fr ° m °' hcr me « a 's 
the original process is obsolete, a modified * mposed al 230°C. Though 
The bonding in CO may be represented Pr °u CSS ,s used in Canada, 
between the two atoms: as *^ ree electron pairs shared 


CrCI„ + 3Fe(CO),^il 


: C 


or C=Q 


I, is better represented using the molecular orbital theory (see Chapter 4). 

al* 2 . a* l* 2 . a2s 2 , a*2* 2 . {*** a2 pl a*2p?. K 2p “ 

inlpi. 1 ' \k' 2 p" 


incfcuMng energy 


The carbon-metal bond in carbonyls may be represented as the donation 
ot an electron pair from carbon to the metal M «- C=0. This original 
o bond is weak. A stronger second bond is formed by back bonding, 
sometimes called dative n bonding. This arises from sideways overlap of a 
full d xy orbital on the metal with the empty antibonding n*2p v orbital of 
the carbon, thus forming a n M —► C bond. The total bonding is thus 
M =: C=0. The filling, or partial filling, of the antibonding orbital on C 
reduces the bond order of the C—O bond from the triple bond in CO 
towards a double bond. This is shown by the increase in C—O bond length 
from 1.128&in CO to about 1.15 A in many carbonyls. 

CO is the most studied organometallic ligand. Because of the back 
bonding it is sometimes called a n acceptor ligand. The drift of n electron 
density from M to C makes the ligand more negative, which in turn 
enhances its a donating power. Thus CO forms weak bonds to Lewis acids 
(electron pair acceptors) such as BF^ as only c bonding is involved. In 
contrast CO forms strong bonds to transition metals where both o and ti 
bonding can occur. Other it acceptor ligands include CN , RNC, and 
NO*. Comparing these ligands, the strengths of the a bonds are in the 
order CN" > RNC > CO > NO", whilst their n acceptor properties are in 

the reverse order. 
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0 Q A 0 

C = O: -- M :C =0. 

0 0 » 0 

Figure 13.4 Schematic of orbital overlaps in metal carbonyls. (After N.N G 
wood and A. Earnshaw, Chemistry of the Elements , Pergamon, 1984, p 35 ^ ? Cr ‘ 


back bonding 
da, ' ve n bond 
,rom W of 
oh M to empty 
P orbital on C 



CO is a very versatile ligand. It may act as a bridging group between the 
two metal atoms, for example in di-iron ennea carbonyl Fe 2 (CO) g CO 
may stabilize metal clusters by the C forming a mufti-centre bond with 
three metal atoms, and the tc* orbitals in CO may be involved in bonding 
to other metal atoms. g 

0 



O 

Figure 13.5 Structure of Fe 2 (CO) 9 . 


Carbon monoxide is quite reactive, 
the halogens F, Ci and Br. 


and combines readily with O, S and 


CO + jo 2 co 2 

CO + S —> COS carbonyl sulphide 
^ ^ * OC f> carbonyl chloride (phosgene) 


The carbonyl halides are 
ammonia tojform urea’ 


readily hydrolysed by water, and 
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COCI 2 + H 2 0 -♦ 2HCI + C0 2 

a nh 2 

^ . ^Kifj S*® phase ^ 

C O + 2NH S -> C=0 + 2HCI 

/ / 

Cl nh 2 


urea 


Carbonyl chloride is extremely toxic, and was used as a poisonous gas in 
World War I. Nowadays it is produced in quite large quantities to make 
tolylene diisocyanate which is an intermediate in the manufacture of 
polyurethane plastics. 

Carbon dioxide C0 2 

C0 2 is a colourless, odourless gas. It is a major industrial chemical, with 
$ 3 million tonnes produced in the USA and 10 million tonnes worldwide 
in 1993. The main industrial source is as a by-product from the manufac¬ 
ture of hydrogen for making ammonia. 

CO + h 2 o ^ co 2 + H 2 
CH 4 •+ 2H 2 0 -* C0 2 + 4H 2 

It is also recovered from fermentation processes in breweries, from the 
pases evolved from calcining limestone in lime kilns and from the flue gases 
from coal-burning electric power stations. The C0 2 is recovered by ab¬ 
sorbing it in either aqueous Na 2 CO, or ethanolamine. 

QH^O* 2C 2 HsOH + 2C0 2 

anaerobic conditions 

CaCO,^^ CaO + CO, 

is obtained in small amounts by °" Carb °" a,eS - 

It can also be made by burning carbon in excess of 

CaCO, + 2HCI - CaCI 2 + C0 2 + H 2 0 

C + 0 2 ~* C °2 

Recovery of C0 2 

N„CO. + CO, * H,0 = 2N.HCO, 


irbotol process ^ . „ 

A H O (HOCH 2 CH 2 NH 3 ) 2 CO, 

2HOCH 2 CH 2 NH 2 + co 2 + H 2 u ioo _ 150 . c 

ethanolamine -57°C and +31 °C. 

3 2 gas can be liquified under Th C solid is produced 

hout 80% is sold in liquid form, and 20 





as white snow by expanding the gas from cylinders. (Expansion cau^ 
cooling.) This is compacted'into blocks and sold. Solid C0 2 sub|j mes 
directly to the vapour state (without going through the liquid stale) a j 
—78°C under atmospheric pressure. Over half the C0 2 produced is used as 
a refrigerant. Solid C0 2 is called ‘dry ice or cardice , and is used to freeze 
meat, frozen foods and ice cream, and in the laboratory as a coolant. 0v er 
a quarter is used to carbonate drinks (Coca-Cola, lemonade, beer etc.). 
Other uses include the manufacture of urea, as an inert atmosphere, and 
for neutralizing alkalis. Over 35 million tonnes of urea were produced 
worldwide in 1991. (Urea is the most widely used nitrogenous fertilizer 
and is also for making formaldehyde urea resins.) 

CO. + 2NH, ———► NH 4 CO.NH. - CO(NH.). + H,0 

pressure ammonium urea 

ear hamate 

Small scale uses of C0 2 include use in fire extinguishers, blasting in coal 
mines, as an aerosol propellant, and for inflating life-rafts. 

COi gas is detected by its action on lime water Ca(OH ) 2 or baryta water 
Ba(OH) 2 , as a white insoluble precipitate of CaCOi or BaCO* is formed 
If more C0 2 is passed through the mixture, the cloudiness disappears as 
the soluble bicarbonate is formed. 

Ca(OH ) 2 -l- CO, — CaCO, + H>0 

while 

precipitate 

CaCO, + C0 2 + H 2 0 — Ca(HCO ,)2 

soluble 

C0 2 is an acidic oxide, and reacts with bases, forming salts. It dissolves in 
water but it is only slightly hydrated to carbonic acid H 2 CO*. and the 
solution contains few carbonate or bicarbonate ions. A hydrate C0 2 • 8H:0 
can be crystallized at 0°C under a pressure of 50 atmospheres C0 2 . 

co 2 + h 2 o - h 2 co, 

Carbonic acid has never been isolated, but it gives rise to two series of 
salts, hydrogencarbonates (otherwise called bicarbonates), and carbonates. 

NaHCO* sodium bicarbonate 
/ (acid salt) 

NaOH + (H : CO,) 

\ 

Na : COt sodium carbonate 
(normal salt) 

C0 2 can also act as a ligand, and it form a few complexes such as 
|Rh(C0 2 )CI(PR,K| and |Co(CO : )(PPh,),l. In the first complex the C 
atom in C0 2 is bonded to the metal. In the second complex the CO: acts as 
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bideniaie ligand with one C atom and one O atom bonded to the metal 

4 th<' CO, molecule is bent. 10 me 

afl d tnc . 

The structure of CO, is linear O—C—O. Both r^n k 4 
same length. In addition to o bonds between C and O thereisVthree* 
centre four-electron « bond covering all three atoms. This adds two a 
bonds to the structure in addition to the two o bonds. Thus the C-0 bond 
order is two. This is described in more detail in Chapter 4 
Biologically, carbon dioxide is important in the processes of photosyn¬ 
thesis, where the green parts of plants manufacture glucose sugar. Ulti¬ 
mately all animal and plant life depends on this process. 


6C0 2 + 6H 2 0 


sunlight 


* Cf>H| 2 0 6 + 60 2 
glucose 


The reverse reaction occurs during the process of respiration, where 
animals and plants release energy. 

CftH^Of, + 60 2 —» 6C0 2 4- 6H 2 0 + energy 


Carbon suboxides 

Carbon suboxide Ci0 2 is a foul-smelling gas, boiling point 6°C. It is made 
by dehydrating malonic acid with P 4 O| 0 . 

HOOC • CH 2 • COOH 0=C=C=C=0 + 2H 2 0 

malonic acid I50°C 

It is stable at —78°C and the molecule is linear. At room temperature the 
gas polymerizes to a yellow solid, and at higher temperatures to red and 
purple solids. The oxide reacts with H 2 0, giving malonic acid, and with 
HCI and NH* as follows: 

C 3 0 2 + 2HCI — CH 2 (COCI) 2 (acid chloride) 

C,0 2 + 2NH 3 CH 2 (CONH 2 ) 2 (amide) 

There are disputed reports that C,0 2 is formed by thermolysis of C,0 2 . 
The only other stable suboxide is C| 2 0<>. This is a white so i , an is 
anhydride of mellitic acid C A (COOH) ft . 
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POj in Group 15. The structure of the CO 2 ion may be represented 
follows: as 


Electronic structure of 
carbon having gained 
four electrons by 
forming four bonds in 
CO§ 


0 0 


uriw 


"One orbital 
used to 
form a 
k bond 


three orbitals form a bonds: hence 
the shape of the ion is a plane triangle 
(sp 2 hybridization) 


The n bonding in the C0 3 ~ ion is best described using a delocalized * 
molecular orbital covering all four atoms. (See Chapter 4 .) 

Many carbonates of formula M n C0 3 have the same structure as calcite 
but others have the aragonite structure. The structure adopted is related to 
the size of the metal ions. 


Mn 2 * Mg 2+ Co 2+ Zn 2+ Fe 2 - Cd 2+ Ca 2 - Sr 2+ Pb 2 - Ba 2 - 

0.67 0.72 0.74 0.74 0.78 0.97 1.00 1.18 1.21 1.35 

«-calcite structure-► 


aragonite structure 


Some carbonates are produced in very large amounts: 31.5 million 
tonnes/year of Na 2 C0 3 , 900000 tonnes/year NaHC0 3 , and 50000 tonnes/ 
year of Li 2 C0 3 (see Chapters 9 and 10). 

Carbonate ions are colourless and hence the carbonates of Group 1 and 
2 metals are white. Though Ag* salts are typically white, Ag 2 C0 3 is 
yellow due to the strong polarizing effect of Ag+. (NH 4 ) 2 C0 3 and Group 
1 carbonates are readily soluble in water, except Li 2 C0 3 which is only 
slightly soluble. T1 2 C0 3 is moderately soluble, but the other Group 13 
carbonates are sparingly soluble or insoluble. Carbonates all react with 
acids, liberating C0 2 . 


Na 2 C0 3 + 2HCI -► 2NaCl + CO z + H 2 0 

Group 1 carbonates are stable to heat, and melt without decomposing. 
Group 2 carbonates all decompose if heated sufficiently strongly. Their 
stability increases as the size of the metal ion increases. Most other 
carbonates decompose easily. 


CaCO,-^ CaO + C0 2 

BeCO., MgCOj CaCO, SrCO, BaCOi 

Decomposition <100°C 540°C 900°C 1290°C 1360 °C 

temperature 


The only solid bicarbonates known are those of the Group 1 metals an 
of NH^. These are colourless solids, and are somewhat less soluble than 
the corresponding carbonates. They decompose easily on heating. T e 




solid structures of these contain polymeric chains of urn- 
hydrogen bonded together. na,ns of HCO ' 8 rou P s 


THE carbon cycle 

Though carbon is the seventeenth most abundant element in the earth s 

«*• <* “ ,,ls *>»“' 2 * >»“ oi «* I ”, 

coal, oil and various carbonates (limestone and dolomite) which are 

immobilized. 

In contrast there is a rapid turnover of C0 2 in the atmosphere, carbon 
compounds in living matter, C0 2 dissolved in the oceans, and more slowly 
with carbonate minerals formed on the sea bed. An equilibrium exists 
between them. The proportion of C0 2 in the atmosphere is approximately 
0.046% by weight, and 0.031 /o by volume. Though only a small percent¬ 
age, C0 2 is essential for life, and amounts to 2500 billion tonnes (2500 x 
10 9 tonnes). 

Photosynthesis by the green parts of plants and some brown and blue 
algae removes about 360 billion tonnes of C0 2 from the atmosphere a year 
-roughly 15%. Glucose sugar is the first product formed. This may be used 
for respiration and energy release by the plant, or incorporated into plant 
cells. These may be eaten by animals, and used for respiration or for 
producing animal cells. Eventually the same amount of C0 2 is returned to 
the atmosphere either by respiration of the plant or animal, or by death 
and putrefaction of plant or animal remains. 

Combustion of fossil fuels, mainly coal, oil and natural gas, and burning 
tropical rain forests adds about 25 billion tonnes of C0 2 to the atmosphere 
each year. (Coal production in 1992 was 4545 million tonnes, crude oil 
3034 million tonnes, natural gas 2.1 x 10 l 2 m\ Important amounts of C0 2 
are released by burning limestone to make lime for making cement. Lime 
production in 1992 was 127.9 million tonnes so about 100 million tonnes 

of CO 2 was produced. 

CaCO, -> CaO + C0 2 

It is estimated that in 1992 the USA added 1.2 billion tonnes of CO 2 to the 
atmosphere, the USSR 1 billion tonnes and western Europe 0.8 bi ■ 
tonnes. If all of this CO, remained in the atmosphere, .t '^snmated that 
the CO, content will double by the year 2020. With the ever mcreasmg use 
of fossil fuels the amount of C0 2 could double eve " s °° n ^ ■ an(J jls 

The C0 2 molecule absorbs fror/theearth by 

presence in the atmosphere decreases th . enhouse effect'. (Other 
radiation. This global warming is calle g exhausts, Freons from 

gases, including the oxides of * -3 inThe soil and in the 

aerosols and refrigerators and methane . The ma g n itude of this 

rumen of cows, also add to the greenhou . The concen tration of 

effect, and whether it exists at al * ar ?„ C „? n ince 1958 , and on the basis of 
atmospheric C0 2 has increased by Hi 0 hieher than before the 

measurements of C0 2 from ice cores is some 
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industrial revolution. This corresponds to about half the CO z produced 
from burning fossil fuels, and most of the remainder has been absorbed by 
the oceans. A United Nations report suggests that if nothing is done the 
mean temperature of the earth will rise by 2.5 °C in the next 30 years. This 
is an average, varying from 2°C at the equator to 4°C at the poles. This 
could have dramatic effects on the climate. Some fertile areas like the grain 
belt in the USA would become desert and crops would not grow. The 
increased temperature would cause more evaporation of water and hence 
more rain, flooding and tropical storms in certain parts of the world. Part 
of the polar ice-caps would melt, and this together with the thermal 
expansion of the sea would flood vast areas of land. 

It is by no means certain that these catastrophic changes will occur. It 
must be emphasized that there is a long timescale for the expected warming 
due to greenhouse gases. Furthermore in nature one change in the bio¬ 
sphere is usually balanced by another with the opposite effect. Biological 
and other feedbacks are likely to affect the future concentrations of green- 
house gases. More CO, in the atmosphere may enhance plant growth 
which will use it up. A whole forest can grow in 30 years. Since large 
amounts of CO, dissolve in the sea. this should make the pH of the 

waters could well lead to an increase in plXm small 1 7 

22 ;i CO! - - - JEs:ss 

CO^- + CO, + H,0 — 2HCOr 

The silicate sediments on the ocean n„„, 1 

fixing the composition and pH of the wa7 a? *" ,mportam role in 
pensated by the dissolution of certain m - ' 7 ,ncrease ,n P H is com¬ 
others. Thus silicate rocks may change to'rTh ^ P reci P itatio " of 
subsequently changes the other wav then th^ na,es and Si °-’ If the pH 

The greenhouse debate is a reminder of777*7* are reversed - 

tamty and long timescale of the problems of oi , limited evidence, uncer- 

opinion is that it must be prudenUo con7^ 8 M warmin 8- The author s 
and to reduce wasteful practices, since there^s 77"'° ,m P rove efficiency 
sight to using fossil fuels. Nuclear Dower k th ■ lmn ’ edlate alternative in 
energy source, and at present many people ma i or a l ,e rnative 

hydrogen economy is a long wav off c 1 fi d unacc eptable. The 

wind and waves can at best provide only a 77 77 and ,he P° wer of 
requirements. nly d ve ry small fraction of our energy 


owui niL/to 


Carbon disulphide CSi is the 

colourless volatile liquid, b p 46 “cT 0 ^?' su, P hide of carbon. It is ; 

P * C " ,s dan gerous ,0 handle becaus. 









i, is very flammable, it has a very | ow • 

spontaneously a. 100‘C. I, * v / C > and " ^ni.cs 

central nervous system. Pure samples «Uj»! i affcc,in 8 'he brain and 
purities frequently give it an extremely fo, ,f ther - bul or Stmic i«n- 
important chemical, and world production JaoS “ a comr "ercially 
one time it was produced by heating charcoal 1 ? 4 °° t0nnes in 1991 • A ' 
Nowadays it is produced mainly from a eas nh■ Sva P° ur at about 850 °C. 
gas and sulphur, catalysed by AUO, or silic ^ reaC,ion between natural 


ru a c c 

f-H 4 + 4S-► CS, + 2H>S 

The main uses of CS, are as follows: 

I. The manufacture of viscose ravnn ■ ... 

reacts with cellulose and NaOH to form S * i a " d cel,ophane ; cs : 
carbonate (cellulose xanthate). S ° IUm cellulose dithirv 


cellulose—O 


CS 2 + cellulose—OH + NaOH 


C=S 


NaS 

sodium cellulose xanthate 


This is dissolved in lye (aqueous alkali) to give a viscous solution called 
‘viscose*. On acidification, ‘viscose’ is converted back to cellulose in the 
form of fibres (either rayon or cellulose wool), or as a thin film 
(cellophane). 

2. The manufacture of CCI* (see later under ‘Halides’). 

3. Smaller amounts are used as a solvent for S in the cold vulcanization of 
rubber. 

CS 2 reacts with aqueous NaOH, giving a mixture of sodium carbonate 
and sodium trithiocarbonate: 

3CS 2 + 6 NaOH -♦ Na 2 CO, + 2Na 2 CS, + 3H 2 0 

CSz reacts with NH 3 , giving ammonium dithiocarbamate: 

CSz + 2NH* NR,[H 2 NCS 2 1 

CS, is a linear molecule with a similar structure to CO,. CS, forms 
complexes more readily than CO,. The complex [Pt(CS 2 )(PPh,)] is struc¬ 
turally similar to [Co(CO,)(PPh.i),l. The CS, acts as a bidentate ligand 
mth one C atom and one S atom bonded to the metal, and the CS, 
molecule is bent. The S atoms may bond to other metal atoms. 
complicated complexes. The bonding cannot be exp am 

Sunlight changes CS, to CS, which is why CS, is storedm 

boWes. A high frequency electric charge al ?° , , hc , empe rature of 

CS K unlike CO, and is a highly reative radical even 
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liquid air. Passing an arc through CS 2 gives C 3 S 2 . This is thought to h , v 
the structure S=C=C=C=S. It is a red liquid that polymerizes sI 0 w| C 
(as does C 3 0 2 ). y 


OXIDES OF SILICON 

Two oxides of silicon, SiO and Si0 2 , have been reported. Silicon monoxide 
is thought to be formed by high temperature reduction of Si0 2 with Si but 
its existence at room temperature is in doubt. J 

Si0 2 + Si — 2SiO 

Silicon dioxide Si0 2 is commonly called silica, and it is widely found as 
sand and quartz. Group 14 elements typically form four bonds. Carbon 
can form pji-pji double bonds and hence C0 2 is a discrete molecule and is 
a gas. Silicon cannot form double bonds in th»s way using pn-pn orbitals 
(A substantial number of silicon compounds are now known to contain 
pit-dir bonds in which the silicon atom appears to use d orbitals for 
bonding.) Thus Si0 2 forms an infinite three-dimensional structure and 
Si0 2 is a high melting solid. Si0 2 exists in at least 12 different forms The 
mam ones are quartz, tridymite and cristobalite, each of which has 
different structures at high and low temperatures. a-Quartz is by far the 
most common, and is a major constituent of granite and sandstone Pure 
MO, is colourless, but traces of other metals mav colour it. giving semi¬ 
precious gemstones such as amethyst (violet), rose quartz (pink), smoky 

? U f^ r ui r ° w ")' chrine (y e,, ow), and non-precious materials such as Hint 
(often black due to C), agate and onyx (banded). 

(low 

temp a-quartz a-tridymite a-cristobalite 

forms) if 


573 ®C 


1211- IW)°C 


(high 

temp, p-quartz 
forms) 


2nu-275°C 


K70°C 


'll 

P-tridymite 


147i re 


P-cristobalite 


I7in°c 


liquid 

SiO : 


Each cirn^- f ° r |. mS e f Ch S J is ,e,rahedra| ly surrounded by four O atoms, 
array The Hi'ff S ^ ano, * ler tetrahedron. thus giving an infinite 

tetrahedral SO™? e " * hese S,ructures is ,he wav in which ,he 

!S.m temoer^e " h ."VT® ed - “‘Ouartz is the most stable form a. 

interlinked. Since the heix may bTSto™ Chai " S ^ Z 

mpnrac r U *, crisiobalitfe the Si atoms have the same arrange- 

™" nn J , C f " S ' n d ' amond 1 - w,,h ° a 'oms midway between them. The 
relanon between tr.dym.te: and cristobalite is the same as that between 

wurtzite and zinc blende. Heating any solid form of SiO. to its softening 

temperature, or slow cooling of molten SiO,. gives a glass-iike solid. This is 



amorphous, and contains a disordered e • 

dimensional units. 0 rm 8 s » chains and three- 

Silica in any form is unreactive it ic an .. 

with acids. However, it does react with^f. c ' d, ^ ox ' dean ‘ l . sodoesno,re act 

SiF 4 . This reaction is used in qualitative anaiv,’^'^ S * IC0n | etra ^ u0r ' c * e 
. o r qualitative analysis to detect silicates* when 

the S |F 4 cotnes into contact with a drop of water it is hydrolysed to silicic 
acd. Thts can be seen as a white solid forming on the surface of the drop of 

Wdici • 


H 2 S0 4 + CaF 2 HF^i, S iF 4 - + H -°, H F + | Si ( OH )« or 

+ H 2 0 lSi0 2 • 2H 2 0 

Si°2 is an acidic oxide: it dissolves slowly in aqueous alkali, and more rap¬ 
idly in fused alkalis MOH or fused carbonates M 2 C0 3 , forming silicates. 

Si0 2 + NaOH — (Na 2 Si0 3 )„ and Na 4 Si0 4 

This reaction accounts for ground glass stoppers sticking in reagent bottles 
containing NaOH. Of the halogens, only fluorine attacks Si0 2 . 


Si0 2 + 2F 2 — SiF 4 + 0 2 

Quartz is important as a piezo-electric material for the crystals in 
gramophone pickups, for cigarette and gas lighters and for making crystal 
oscillators for radios and computers. There is insufficient natural quartz of 
high enough purity, and so it is made synthetically by hydrothermal growth 
of seed crystals from aqueous NaOH and vitreous silica at 400 °C under 
pressure. 

Vitreous silica has a low coefficient of expansion, is quite resistant to 
shock, and is very transparent to visible and ultraviolet light. It is used for 
laboratory glassware, and for optical components such as lenses and prisms 
and cells to hold samples in UV-visible spectrophotometers. 

Silica gel is amorphous and very porous. It is obtained by dehydrating 
silicic acid, and contains about 4% water. It is widely used as a drying 
agent, a catalyst, and in chromatography. The mineral opal, which is used 
as a white or pearl-like gemstone, is hard (amorphous) silica gel. The 
beginnings of ordered structures are shown by various minerals, many of 
which are cut and polished as gemstones: 


agate (often banded colours) 

onyx (often white and black bands) 

carnelian (yellow or red) 

bloodstone (green with red spots) 

jasper (usually red or brown but sometimes green, 

flint (colourless or black if C present) 


blue or yellow) 


These are best written Si0 2 • nH 2 0. white dcr and about 

Kieselguhr is another form of Si0 2 . It is a . . in Furone and 

2 million tonnes/year are abrasive, and as an inert 

North America. It is used in filtration plants, as an <■ 
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filler. (Gelignite is a mixture of the explosive nitrobenzene (liquid) and 
inert kieselguhr (solid).) 


OXIDES OF GERMANIUM, TIN AND LEAD 

The dioxides Ge0 2 , Sn0 2 and Pb0 2 normally adopt a TiO, structure wj, h 
6:3 coordination. The basicity of the oxides increases down the group: this 
is the usual trend. Thus C0 2 and SiOj are purely acidic. Ge0 2 is not as 
strongly acidic as Si0 2 , and Sn0 2 and Pb0 2 are amphoteric. Ge0 2 , Sn0 2 
and Pb0 2 dissolve in alkali to form germanates, stannates and plumbates 
respectively. The germanates have complicated structures similar to the 
silicates, but the stannates and plumbates contain [Sn(OH) 6 ] and 
fPbfOH)*! 2 ' complex ions. There is no evidence of the existence of 
Ge(OH) 4 Sn(OH) 4 and Pb(OH) 4 and these are better represented as 
M o 2 (H 2 0) where n is about two. All three oxides are insoluble in acids 
except when a complexing agent such as F" or CP is present, when 
complex ions such as [GeF 6 ] 2 ~ and [SnCl 6 J are formed. 

the lower oxides GeO, SnO and PbO have layer lattices rather than the 

typical ionic structures. They are slightly more basic and ionic than the 
corresponding higher oxides. GeO is distinctly acidic, whilst SnO and PbO 
are amphoteric and dissolve in both acids and bases. The increased stability 
of the lower valence states on descending a group is illustrated by the fact 
that Ge 11 and Sn n are quite strong reducing agents whereas Pb n is stable. 

PbO is commercially important. It exists as a red form called litharge and 
a yellow form called massicot. Litharge is used in large amounts to make 
lead glass, and in ceramic glazes. World production is about 250 000 
tonnes/year. 'Black oxide* of lead is a mixture of PbO and Pb, and is 
extensively used to make the plates in electric storage batteries for motor 
cars. The anode is oxidized to Pb0 2 , and the cathode is reduced to spongy 
lead. About 700000 tonnes/year are used worldwide. 

Lead also forms a mixed oxide Pbj0 4 . This is called red lead and may be 
represented as 2PbO* Pb0 2 : clearly it contains Pb(II) and Pb(IV). PbA 
is used in paint to prevent the rusting of iron and steel. It is also used 
to colour and vulcanize plastic and artificial rubber. Smaller am0U P^ 
are used in ceramics and glassmaking. World production is about 18000 
tonnes/year. 

Pb0 2 is used as a strong oxidizing agent, and is produced in situ in lea 
storage batteries. 


SILICATES 

Occurrence in the earth's crust 

About 95% of the earth's crust is composed of silicate minerals, alumina 
silicate clays, or silica. These make up the bulk of all rocks, sands, an ^ 
their breakdown products clays and soil. Many building materials ar 
silicates: granite, slates, bricks, and cement. Ceramics and glass are a 
silicates. 
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first olivine 

pyroxenes 
amphiboles 
biotite micas 
orthocase feldspars 
muscovite micas 
< i quartz 

last zeolites 


MJSiO« 

Miasio,)* 

M5(AI.Si) 4 0„.(0H) a 

(^.HMMg,Fe")j(AI,Fe"')j(S04) 

KAISi 3 0 # 

KAMAISiaO^HOHfe 

Si0 2 

Na 2(AI 2 Sr 3 O 10 )2H 2 O 


(Leaving a small amount of water. SO, s Pb a c 

metals in solution unde, a very high texture andpre^, ** ® ** 0ther Wns * 00 
Figure 13.6 Sequence in which minerals are .hough, to have crys.al.ized. 


The three most abundant elenipnt^ orp /~\ o* • ., _ 

make up 81% of the earth s crus,, that is four out of"five a.o^are'oneof 
hese. This ,s a much higher abundance ,han in the ear.h as a whole" , in 

!TT °,T g ,C CO °' ine ° f ,he earth * he »ehter silica,e material" 
crystallized and floated ,o ,he surface, resul.ing in ,he concen.ra.ion o 
silicates in the earth s crust. 

N.L. Bowen has summarized the sequence in which these crystalline 
minerals appeared as the magma cooled, and this is called Bowen s 
Reaction Series (Figure 13.6). 

Several points arise: 


1. The simpler silicate units crystallized first. 

2. Hydroxyl groups appear in the later minerals, and F may be substituted 
instead of OH. 

3. Isomorphous replacement, i.e. changing one metal for another without 
changing the structure, occurs particularly in the later minerals. 

4. The orthoclase feldspars, muscovite mica *and quartz are the major 
minerals of granite. 

5. As the silicates cooled further, they shrank and cracked. The hydro- 
thermal (hot water) solution moved through the cracks nearer the sur¬ 
face to regions of lower temperature and pressure where the elements 
precipitated and then combined with S, forming veins of sulphides. 


Soluble silicates 

Silicates can be prepared by fusing an alkali metal carbonate with sand in 
an electric furnace at about 1400°C. 


Na 2 C0 3 


l4(M)OC y C0 2 + Na 2 Q Na 4 Si0 4 , (Na 2 Si0 3 )„ and others 


The product is a soluble glass of sodium or potassium silicate. It is 
dissolved in hot water under pressure, and is filtered from any insoluble 
material The composition of the product varies, but is approximately 
Na Si O -6H O In 1991, 2.6 million tonnes of soluble sodium silicates 
were produced (measured in terms of SiOj content). They are used in 
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liquid detergent preparations to keep the pH high, so that grease and fat 
can be dissolved by forming a soap. Soluble silicates must not be used if 
the water is hard, or they will react with Ca 2 * to form insoluble calcium 
silicate. Sodium silicate is also used as an adhesive (for example f 0r 
pasting paper, bonding paper pulp and corrugated cardboard), in asbestos 
roof tiles, in fireproof paint and putty, and in making silica gel. 


Principles of silicate structures 

The majority of silicate minerals are very insoluble, because they have an 
infinite ionic structure and because of the great strength of the Si—0 
bond. This made it difficult to study their structures, and physical proper¬ 
ties such as cleavage and the hardness of rocks were originally studied. The 
structural principles in silicate structures have only become apparent since 
the structures have been solved by X-ray crystallographic methods. 

1. The electronegativity difference between O and Si, 3.5 - 1.8 = 1.7. 
suggests that the bonds are almost 50% ionic and 50% covalent. 

2. The structure may therefore be considered theoretically by both ionic 
and covalent methods. The radius ratio Si 4 *:0 2 ~ is 0.29, which 
suggests that Si is four-coordinate, and is surrounded by four O atoms at 
the corners of a tetrahedron. This can also be predicted from the use of 
the 35 and three 3 p orbitals by Si for bonding. Thus silicates are based 
on (Si0 4 ) 4 ~ tetrahedral units. 

3. The Si0 4 tetrafiedra may exist as discrete units, or may polymerize into 
larger units by sharing corners, that is by sharing O atoms. 

4. The O atoms are often dose-packed, or nearly close-packed. Close- 
packed structures have tetrahedral and octahedral holes, and metal ions 
may occupy either octahedral or tetrahedral sites depending on their 
size. Most metal ions are the right size to fit one type of hole, though 
Al* 1+ can fit into either. Thus Al can replace either a metal in one of the 
holes, or a silicon atom in the lattice. This is particularly important in 
the aluminosilicates. 

Occasionally Li may occupy sites with a coordination number of 6 rather 
than the usual 4, and K and Ca may have.a coordination number of 8 rather 
than the usual 6. The radius ratio principle is a useful guide, but it is only 
strictly applicable to ionic compounds, and silicates are partly covalent. In 
these compounds the full charge separation to give Si 4 * and O 2- does not 
occur, and empirical ‘effective ionic radii' may be used instead of normal 
ionic radii (see Further Reading, R.D. Shannon.) 


CLASSIFICATION OF SILICATES 

The way in which the (Si0 4 ) 4 tetrahedral units are linked together 
provi es a convenient classification of the many silicate minerals. 



Orthosilicates (neso-silicates) 


A wide variety of minerals contain discrete (SiO«) 4 - tetrahedra that is 
they share no corners (see Ficure n 7 \ * rdneara ; lhat ,s 

where M may be Be* Mg Fe Mn or ^ M " tSi0 ‘>- 

ZrSi0 4 . Different structures are formed dene H' ' i ' f ° r exam P ,e 
number adopted by the metal dependmg ° n ,he COordina,io " 

In willemite Zn 2 (Si0 4 ], and phenacite Be 2 [Si0 4 ), the Zn and Be atoms 

ha ^n fo C r^eHtr a Ma n frf?!’ er K 0f t' a " d ,e,ra hedral holes. 

In forsterite Mg 2 [St0 4 ). the Mg has a coordination number of 6 and 


Table 13.8 Types of holes occupied in close-packed structures 


Oxide 

Radius 

ratio 

Coordination 

number 

Type of hole 
occupied 

Be 2 *. O 2 - 

0.25 

4 

Tetrahedral 

Si : O 

Al'*: O 2- 

Mg 2 *: O 2 ' 
Fe 2 *: O 2 - 

0.29 

4 

Tetrahedral 

0.42 

4 or 6 

1 Tetrahedral or 

1 Octahedral 

0.59 

6 

Octahedral 

0.68 

6 

Octahedral 


occupies octahedral holes.When octahedral sites are occupied, it is quite 
common to get isomorphous replacement of one divalent metal ion by 
another of similar size, without changing the structure. The mineral olivine 
(Mg, Fe) 2 [Si0 4 ] has the same structure as forsterite, but about one tenth of 
the Mg 2 * ions in forsterite are replaced by Fe 2 * ions. The ions have the 
same charge and similar radii (Mg 2 * 0.72 A, Fe 2 * 0.78 A), and occupy the 
same type of hole. Thus substitution of one metal for another does not 
change the structure. This mineral may also have Mn 11 in some octahedral 
sites, thus giving (Mg,Fe,Mn) 2 (Si0 4 ]. These structures are all related to 
hexagonal close-packing. 

Zircon ZrSi0 4 is used as a gemstone as it can be cut to look like a 



Figure 13.7 Structure of orthosilicates. (After T. Moeller.) 
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diamond, but is much cheaper. Zircon is much softer than diamond, and 
the cut edges which make the gem attractive eventually wear and spoil the 
look of the sione. Zircon has a coordination number of 8..The structure is 
not close-packed. 

The garnets are another important group of minerals with discrete tetra. 
hedra. Large crystals of garnet are cut and polished and used as a red 
gemstone. Much larger amounts (106099 tonnes in 1993) are used to make 
‘sandpaper’. The formula is Mj M^KSiO^]- M M may be Mg, Ca or Fe 11 
and these are six-coordinate. M m may be Fe 111 , Cr or Al and these are 
eight-coordinate. 


Pyrosilicates (soro-silicates, disilicates; 

Two tetrahedral units are joined by sharing the O at one corner, thus 
giving the unit (Si 2 0 7 ) 6 “. This is the simplest of the condensed silicate 
ions. The name pyro comes from the similarity in structure with pyro¬ 
phosphates such as Na 4 P 2 0 7 , and these were named because they can be 
made by heating orthophosphates (see Figure 13.8). 

Pyrosilicates are rare. One example is.thortveitite Sc 2 [Si 2 0 7 ]. A number 
of lanthanide disilicates have similar formulae Ln 2 [Si 2 0 7 ]. These are not 
quite the same, as the Si—O—Si angle is not 180° as in the Sc compound, 
but varies down to 133°, and the coordination number of the metal changes 
from 6 to 7 and then to 8 as the size of the metal increases. Hemimorphite 
Zn 4 (OH) 2 [Si 2 0 7 ] • H 2 0 is another example, but structural studies show no 
difference in the lengths of the bridging and terminal Si—O bonds. Thus 
the representation as a disilicate ion may be misleading, and the structure 
may be better considered as [Si0 4 ] and [Zn 03 ( 0 H)| tetrahedra linked to 
give a three-dimensional network. 




Flgurt 13.8 Structure of pyrosilicates Si 2 0$-. (After T. Moeller.) 


Cyclic silicates 

formed°nf^o!l ato ™ s letr ahedron are shared, ring structures may be 

three four *°!’ mu,a (Figure 13.9). Rings containing 

and six are th*» 30 e ghl tetrahedral un *ts are known, but those with three 

Ca JSi O I anH l ^°K- C ^ m * T10n c y c *' c * on occurs in wollastonite 

3[Si 3 0,] and in bemto.te BaTi[Si 3 0„). The Spoilt unit occurs in beryl 
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and 


Si 3 0 0 ° ion 



SuO 


-12 


6°ie ,on 


Figure 13.9 Structure of cyclic silicates Si 3 0$- and Si 6 Oj|". (After T. Moeller.) 


Be,AI 2 [Si 6 0 ih]- In beryl the Si 6 O tK units are aligned one above the other, 
leaving channels. Na*, Li* and Cs* are commonly found in these 
channels, and because of the channels the mineral is permeable to gases 
consisting of small atoms or molecules, e.g. helium. Beryl and emerald are 
both gemstones. Beryl is found with granite and usually forms pale green 
crystals which are six-sided prisms. Emerald has the same formula as beryl 
except that it contains 1-2% Cr which gives it a strong green colour. 


Chain silicates 

Simple chain silicates or pyroxenes are formed by the sharing of the O 
atoms on two corners of each tetrahedron with other tetrahedra. This gives 
the formula (Si0 3 )J"~ (see Figures 13.10 and 13.11). A large number of 
important minerals form chains, but there are a variety of different struc¬ 
tures formed because the arrangement of the tetrahedra in space may vary 
and thus affect the repeat distance along the chain. The most common 
arrangement repeats after every second tetrahedron, for example in spodu- 
mene LiAI[(Si0 3 ) 2 l (which is the main source of Li), enstatite Mg 2 [(SiC> 3 ) 2 |, 
and diopsite CaMg((Si0 1 ) 2 | Wollastonite Ca,((SiO,)j) has a repeat unit of 
three tetrahedra. and others are known with repeat units of 4. 5. 6. 7. 9 

Double chains can be formed when two sim P‘* 
together by shared oxygens. The ^ ™ ne ^ s a ^ e f <£ ub , e c h ains , 

they are well known. There are several y * / nd others . (See 
giving formulae (Si 2 0 5 )i" . (Si«0,i)„ . 

Figure 13.12.) 
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Figure 13.10 Structure of various single chains. 




Figure 13.11 Structure of pyroxenes (Si0 3 )$"-. (After T. Moeller.) 




minerak ThZZ -J T 0651 Known amphiboles are the asbe; 

minerals. These are based on the strum.ml . 

sri F s 3 E 21 t sh * re ■»««" 

crocidolile Na,F„ C «^W(SW)„hl(OI 

cha?„: arMteld^ogethe/bv £t Vf."”* di ~‘ Ad ' a ‘ 

amphiboles cleave^eadily parallel ^o theV^T ThUS PyrOXe " eS 

reason they are called fibrous minerals The?" 1 "' m ‘ ng fibreS ' ^ 

89°. and for amphiboles 56°. This ^ cleava 8 e a "g>e for pyroxent 
minerals. These angles are related to *£^£££2 






Figure 13.12 Structure of various double chains. 




cross Section 
of chain 


Figure 13.13 Structure of amphiboles (Si 4 0,,)*"" (After T. Moeller.) 


is*; 

0 , 


'.vv 


pezium of the chains and the way in which they are packed together (see 
Figure 13.14). 

Asbestos is of considerable commercial importance, and 2.8 million 
tonnes were mined in 1993 (Soviet Union 36%. Canada 19%. Kazakhstan 
14%. and China and Brazil 9% each). It is useful because » is strong, 
cheap, resistant to heat and flames, and also resistant to adds and alkalis. 
Most is used to make asbestos reinforced cement and roofing sheet.. 
Smaller amounts are used for brake linings, clutch linings. ashes** 
adding to vinyl floor coverings, and thermal msula.ion for pipes, and 

fibres may be woven into asbestos^^ lot ff ^ e ^, d ^ oups of silicates: 
Asbestos minerals come from.two t 

1. The amphiboles. 

2. The sheet silicates. . 

4 i fn Ni Fe , 3 , Fe l , ,1 |Si 8 0 2 2l(OH):. which is 
The amphiboles include crocidolit : - j somorp h 0 us replace- 

called blue asbestos, and others derived from it bv ,s t 
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K. ' 


89* 


vs 

rs\ 


Figure 13.14 Cleavage angles 


in pyroxenes and amphiboles. 


T< r£ h, { rr '^'Trh? > aSs™ e „«' d " , ’ t '"' 0 '>" 0 H I. 

?7^«2K3KSli **—- 

of the asbestos used. 1Cate ‘ ^ ,s institutes 95% 

Inhaling® asbesToTdus^clu^s'asbestosis o^ 6 "'* 3 Ser ‘° US health hazard 

causes lung cancer. Blue a^ ^ the ** » also 

disease may have a latent period of 20-30 year! TheT' ^ 
minimize asbestos dust, and to handle asbestos '° 

Sheet silicates (phyllo-silicates) 

t*" «. ,'EX s1“o Tff '<*' Rem 15ISI 

hold each sheet to the next one Th SheCt ’ but much weaker forces 
thin sheets. Thus these m ‘nerals tend to cleave into 

silicates are imfw'itant' antTldfT ^ rare ‘ A lar 8 e number of sheet 
complicated structures, and are nown - These have slightly more 
joined together. These include: ma * Uf> ° f Clther ,WO or three layers 

l S ay mi " erals (kaolinite, pyrophyllite raid 
. White asbestos (chrysotile. biotite) 

3. Micas (muscovite and margarite) 

4. Montmorillonites (Fullers earth * 

\ uners earth, benton.te and vermiculite) 

Consider how a two-laver ctn■/>».. 

simple silicate shec:. theJone side of th^r!* formed - lf we slan “ iIh a 
(singly bound) O atoms Die pure hud h f, sheet cfm ' ain s all the unshared 

crysmlliae Jh „ye, TtdT”’'d 

occupy octahedral ,l„s). The unih.red o ?,*S 
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Figure 13.15 Structure of sheet silicates (Si 2 0 5 )^-. (After T. Moeller.) 


the same relative positions as two thirds of the OH groups on each side of 
these hydroxide layers. If a Si 2 Os layer is placed alongside a layer of 
y-gibbsite Al(OH) 3 , then many of the O atoms will coincide. The OH 
groups in Al(OH) 3 can be removed and an electrically neutral two-layer 
structure is formed. These double layers stacked parallel give the mineral 
kaolinite. which has the formula Al 2 (0H) 4 [Si20 5 ]. It is a white solid and is 
formed by the decomposition of granite. Large amounts are used for filling 
paper, and as a refractory. World production of kaolinite was 22.5 million 
tonnes in 1992 (USA 41%, UK 11%, and South Korea 8%). China clay or 
kaolin is mined in Cornwall. It is a high grade of kaolinite, and when 
small amounts of Si0 2 and mica are removed it can be mixed with water 
to give a white or nearly white plastic clay. Small amounts are used for 
making porcelain, china cups and plates, sanitary ware, and other ceram¬ 
ics, and for chromatography, as treatment for indigestion and for poultices. 

One Al(OH) 3 layer has two equivalent sides. A Si 2 0 5 layer was com¬ 
bined with one side in kaolinite, but a second Si 2 Os sheet can combine 
with the other side thus giving a three-layer structure. This is made up of 
silicate, Al(OH) 3 , silicate. Pyrophyllite Al 2 (0H) 2 [(Si 2 0 5 ) 2 ] has this three- 


layer structure (Figure 13.16). . 

A layer of brucite Mg(OH) 2 may be combined with a St 2 0 5 layer to form 

a two-layer structure. This gives the mineral chrysotile Mg,(0H) 4 [Si 2 0 5 l 
(white asbestos), which is of considerable commercial importance. Alter- 
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Figure 13.16 Two- and three-layer structures. 


natively brucite may combine with two Si 2 0 5 layers, forming a triple¬ 
sheet structure called talc or soapstone Mg 3 (OH) 2 [(Si 2 O s ) 2 ). These triple 
sheets are electrically neutral, and there are no metal ions holding one 
sheet to the next, so the structure breaks very easily, and is very soft 
Soapstone has a slippery feeling (hence its name). It acts as a dry lubricant 
World production of talc was 8.4 million tonnes in 1992. It is used mainly in 
making ceramics, paper and paint. Small amounts are used in cosmetics 
as talc can be ground into a fine powder and used as talcum powder. 

Substitution of atoms may occur in the triple-layer structures of the 
pyrophyllite types. If Si is partly replaced by Al (in tetrahedral holes) then 
the sheet becomes negatively charged. These charges are balanced by 
positively charged metal ions which are placed between the layers. This 
gives rise to the mica minerals. These are a group of minerals characterized 
by the fact that they are readily split into glistening transparent flexible 
sheets of varied colour. Muscovite has the formula KAl 2 (OH) 2 [AlSi 3 0 ,o] 
and is called white mica. Margarite has the formula CaAl 2 (OH) 2 [AlSi 3 O, 0 ). 
Substitution of atoms may also occur in talc Mg 3 (0H) 2 [Si 4 0|„]. Replac¬ 
ing Si by Al + K gives a mica called phlogopite KMg 3 (OH) 2 [AISi 3 O lo ). 
Partial replacement of Mg by Fe 11 gives the common mineral biotite 
K(MgFe ) 3 (0H) 2 [AISi 3 0,„] or black mica. Micas are much harder than 
talc and the other minerals in this section because of the electrostatic 
attraction between the negatively charged triple sheets and the positive 
metal ions. However, this is still a point of weakness in the structure, and 
micas cleave between the layers quite readily. World production of mica 
was 214000 tonnes in 1992. The main sources are the USA 40%, Soviet 
Union 16 ^ and Canada 8%. Sheet mica is used as an electrical insulator 
and as a former on which to wind electric heating elements (e g. in 
electric irons). It is also used in electrical capacitors and for windows in 
furnaces. Finely ground mica is used as a filler in plastics and rubber, in 
insulating board, and in polychromatic and glitter paint' (e.g. for motor 


The clay minerals are formed from other silicates by weathering, or b 
y rothermal processes, i.e. by the action of water under heat and pressure 
hey contain electrically neutral layers, e g. kaolinite. and pyrophyllite 
e c ay minerals also include the montmorillonites, which have negative! 
charged layers, but the number of charges is much lower than in the micas 




-S^g g 1F ICATION OF S1LICATF.S _ 

Some, but not all, of the octahedral ai 111 
... replaced b, M,». g, vi „ g 

„|ple sheets thus have a sm ,|| ttega.ive charge. aad b M* i, |/ 6 
must be incorporated between the laver, tk , . ™ 

hydrated, and the minerals are sometime u > D 3 ' '° nS be 
divided particles suspended in water have thixotropic properties The 

P H r, ‘ t S on r Ted P a, TK W " h nega,iVe Char 8 es "* surface "and positive 
charges on the edge. The particles are free to move in water, and they 

arrange themselves + to - and thus give a semi-solid gel-like mass. If 
stirred the +/- attractions are broken, and the suspension becomes' 
watery, that ,s of lower viscosity. They are used in thixotropic non-drip 
emulsion paints. These minerals can also act as ion exchangers. Fuller s 
Earth is a calcium montmorillonite. It is very absorbant: about 4.2 million 
tonnes were produced in 1992, mainly to decolorize and deodorize veget¬ 
able and mineral oils, fats and waxes. It is. also used to mop up oil spills, 
and as litter for pet animals. It can act as an ion exchanger for Ca 2 *, and 
replacement of Ca 2+ by Na* gives the mineral bentonite. This has marked 
thixotropic properties and is used as drilling mud, and in water-based 
emulsion paints (9.2 million tonnes of bentonite were produced in 1992). 

If in talc Mgj(OH) 2 [(Si 2 Os) 2 l substitution of Mg 2 * in the brucite 
sheet occurs, and if also replacement of Si 4+ with Al 3+ occurs in the 
silicate sheet, then vermiculites are formed. A typical formula is 
Na v (Mg, Al, Fe) 3 (OH) 2 [((Si, Al) 2 0 5 ) 2 ] • H 2 0. If vermiculites are heated 
they dehydrate in an unusual way by extruding little worms: hence the 
name. These materials are porous and light in weight, and are used for 
packing and insulation, and as ‘soil’ for growing plants by ring culture. 
About half a million tonnes are produced -each year. 


Three-dimensional silicates 

Sharing all four corners of a Si0 4 tetrahedron results in a three- 
dimensional lattice of formula SiO, (quartz, tridymite. cristobalite etc). 
These contain no metal ions, but three-dimensional structures can form the 
basis of silicate structures if there is isomorphous replacement of some o 
the Si 4 " by Al'" plus an additional metal ion. This gives an infinite three- 
dimensional lattice, and the additional cations occupy ho!es in the lattice 

Replacing one quarter of the Si 4 " in SiO, with glVe * 3 h as t-» Na*. 

AlSiiO - The cations are usually the larger metal ions s 

. i ne canons j hi h were common 

Ca^ or Ba 2 ". The smaller ,onsFe .Cr andMn ^ 

in the chain and sheet s ! l,ca,e * " are too | arge . Replacements of 
silicates because the cavities in the U common . giving structures 

.... 

of minerals: 


1 . feldspars 

2 . zeolites 

3. ultramarines. 
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The feldspars are the most important rock forming minerals and con¬ 
stitute two thirds of the igneous rocks. For example, granite is made up 
of feldspars, with some micas and quartz. Feldspars are divided into two 
classes: 

Orthoclase feldspars Plagioclase feldspars 

orthoclase K[AlSh0 8 ] albite Na[AISi 3 0 K ] 

cclsian Ba[Al 2 Si 2 0 8 ) anorthite Ca[AI 2 Si 2 0 K ] 

The orthoclases are more symmetrical than are plagioclases as K* and 
Ba :+ are just the right size to fit into the lattice whilst Na + and Ca 2 *, being 
smaller, allow distortion. 

Zeolites have a much more open structure than the feldspars. The anion 
skeleton is penetrated by channels, giving a honeycomb-like structure 
These channels are large enough to allow them to exchange certain ions 
They can also absorb or lose water and other small molecules without 
the structure breaking down. Zeolites are often used as ion-exchange 
materials, and as molecular sieves. Natrolite Na 2 [AI 2 Si 3 O lo ]2H 2 0 is a 
natural ion exchanger. Permutit water softeners use sodium zeolites. 
Zeolites take Ca _+ ions from hard water and replace them by Na*, thereby 
softening the water. The sodium zeolite natrolite gradually becomes a 
calcium zeolite, and eventually has to be regenerated by treatment with a 
strong solution of NaCI, when the reverse process takes place. In addition 
to naturally occurring minerals, many synthetic zeolites have been made 
Zeolites also act as molecular sieves by absorbing molecules which are 
small enough to enter the cavities, but not those which are too big to 
enter. ey can absorb water, C0 2 , NH, and EtOH, and they are useful 
or separating straight chain hydrocarbons fiom branched chain coni- 
pounds^ s ome other zeolites are heulandite Ca[ Al 2 Si 7 0, s )6H 2 0, chabazite 
hA \j' 4 ■ and ana * c ' te Na[ AISi 2 0 h ]H 2 0. Molecular sieves can 

selectively Wlt ^ ores a PP r °priate size to remove small molecules 

a niomTn? 6 ^ ,aZU,i * S a splendid blue colour and was highly prized as 

Na ffAlSinWc 1 Pa,r ! lin8S * n tbe m * dd * e ages. It contains ultramarine 

The tiltrama • 2 m W tbe co *° ur ' s produced by the polysulphide ion. 

water but do ' 065 ^ 3 ? rOU P re * atec * compounds, which contain no 

water, but do contain cat ons such a* C\~ cn^- . C 2- c 
of ultramarines are: G * S ° 4 and S ' • Some examples 

ultramarine Na K [(AISi0 4 ) 6 |S, 

sodalite Na«|( AISi0 4 )jCI 2 

nosean Na*[( AISi0 4 ) 6 ]S0 4 

made by igniting kaViMnite^Vl 0 ^ 611 synthetical| y Ultramarine itself is 

air. The product mav he ° ,u ™ carhona te and sulphur in the absence of 

Polysulphide species presem^Tv ^ dependin S on lhe P articu,a .[ 

based paints and ceramics V s USed as a b,ue P'g ment in 01 

re the days of detergents with artificial 



brighteners, synthetic ultramarine was uw rf .. . 

dolly blue) to make domestic washino d !* ue '"g agent ( cal,ed 

yellowness. aSh, " g 3ppear whlte by masking any 


SILICATES IN TECHNOLOGY 

Many silicates are used as a direct result of their physical properties. For 
example, clay minerals are used for absorbing chemicals, micas are used 
for electnca insulation. asbestos is used for thermal insulation, agate and 

flint are used as hard or sharp surfaces, and a variety of gemstones are used 
for ornaments and jewellery. 

Silicates are extremely important because the cement, ceramic and glass 
industries are based on their chemistry. Metallurgical extraction processes 
often produce silicates as waste products or slag, either because the 
minerals are silicates. or because the minerals contain silicate impurities. 
Some of the main technological applications are as follows. 

Alkali silicates 

These are used mainly as glue, as described earlier. 

Cement 

Both Portland and high alumina cement are described in Chapter 12. 


Ceramics 

Ceramics are inorganic materials that can be made into a paste and shaped 
at normal temperatures: the shape is then ‘fired at a high temperature. 
Firing gives the product strength, either.by sintering the crystallites 
together, or partly melting the paste. A number of carbides, oxides, and, in 
particular, clays, are treated in this way. The process is important for 

making bricks, tiles and pottery. 

On heating, kaolinite AI 2 (0H) 4 [Si 2 0 5 ) loses water at 500-600 “C. giving 
AI 2 0v2SiO 2 , and at about 950 “C forms a sohd solution of mulbte 

ass 

h.gh proportion of CmO V* ■ * afe covercd with a glassy coating 
ceramics except bricks and floor aqueous suspension 

clkd a glaze. This b e1* W InV 

of a heavy metal oxide soft' “ S . “j—iaae eofour). of after firing and on 
be applied either before glazing (u g 
top of the glaze, when a second firing q 
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Glass 

A small amount of glass is made of silica. This has excellent prooert 
very high temperatures are needed to produce it Silica eta ' eS,t>ul 
expensive for general use. but is used in scientific instruments. * ,0 ° 
The temperature required for melting can be reduced by addin® M 
ox.des to the melt, thus obtaining silicate glass. A number of oxid es I T 
used including Na 2 0, K 2 0. MgO, CaO. BaO. B 2 0„ Al.O Phn^ 
ZnO. Glass is a solid solution, and so its composition mav b ° and 
amount of oxide added is not very large, and so th^iO., tetrahedral' The 
significant role in the structure. If only Na,0 or K 2 0 were used 17 3 
wou d be water soluble. Normal domestic glass fo windowsTs a / ^ 

S O ml 0 '; ^ by fusin ® ^ alkali metal carbonal C J?, 

wl Ca l b ° n , ates dec °mpose to oxides on heating ) If Na cn 3 d 

we obtain soda glass which ic . a t . rNa 2 L0 3 is used 

Using KjCO, ’“»■»“* #*«■>,, 

too, g'.ing « hich s XXZ *> 

making optical parts and glass ornaments um dex ’ and | sused for 
present in the structure as a free metal • 2 3 is used, Al mav be 

tetrahedra. If B 2 0, is used. B 3+ repays’ ^ S '° 4 

skeleton. Boros,licate glasses contain!™ r ? S ‘ - ,n ,he ,e,rahed ' a l 
important. They have a low coefficient of ^ SOme,lmes Al as wel1 - are 
heat changes without crackin® Th 6 * f expansion - and can withstand 
Prone to chemical a ,ack ^frh7 ey e ° ma,n ' CSS alkali and » are less 
equipment as in Pyrex glLw/re. ^ “* USed for laboratory 

glass for bottles 'vas'produced^and'hl'lddV 26 4 milli ° n tonnesof 

glass was produced. This was used ma i , dd ,on . 7 mill,on tonnes of shee ' 
Additive for n • 1 USed ma,n| y as windows. 

when making glass Ftnin° B r a deC0l0riZi u 8 a " d f ° r colourin 8 may be used 
remove bubbles ^he fininVf H SUCh “ NaNO ' or As 2 0, are added to 
of gases in the melt which ^ ec °mposes and gives off large bubbles 
formed. Decolorizinp a ®ent sweep oul 'he small bubbles that are always 
obtain colourless class Fe 3 *™^ 6 added t0 e, ' n3 »nate impurities and to 
Fe 3 * and Fe 2 * gives » g,ves a yellow-brown colour, a mixture of 

Other colouring agents^™ ^ and Fe2 + g ' ves a *'£ ht b,ue co,our 

colloidal particles o 8 fCu givelubv-^d^ i ~ ^ g ' VeS a deep hlue ' a " d 

a clouding agent to makeopa/ b glasf COl ° UrS ‘ CaFj is s °metimes added as 

ORGANOS.LICON compounds and the silicones 

Organosilicon compounds 

is extremely hard an^ubte Man^tho -0 7"^' Th “ S silic ° n carb ‘ de S * 
containing Si—C bonds hav^ k y thousands of organosilicon compound 

™ i-H »,£'"T 1,511 

However, the vast ranoe nf ^ 8 ‘ ^ can distilled in air at 428 C) 
for three main reasons: rgan,c impounds is not replicated by s‘ ,lC ° n 
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IT -^H ^pounds AND THE silicones 

1 . Silicon has little tendency to bond i ■ 

strong tendency to do so. The i,„ ° 1 . ^ ca,ena,e ) whilst carbon has a 

in Si lh F ,4 and Si„H IR , but these 8 com ha,nS i° rmed by Si are con,ained 
related to the weakness of Si~c s are exce P'ional. This is 

C-C bonds (see Table 13 . 4 ) " ds ln contrast '° 'he strength of 

2. Silicon does not form mrlnw ui , 

readily. (Note that a disilene Me Si—r h ' lst Carbon does 80 
only by using matrix isolation 2 bas ,* >een isolated, but 

transient reaction species with Si=r hc* *!! S ° lid argon ' Va rious 

(Me,Si) 2 Si=C(OSiMe!)(C H , b °" ds are known * and 

rure. and is stable in “ “W* «■ tempera- 

3. Silicon forms a number of compounds com ^ ^ T3T j exce P t,ons ) 

in which the silirnn pounds containing pn-dn double bonds 

in which the silicon atom uses d orbitals (see later). 


Preparation of organosilicon compounds 
There are several ways of forming Si—C bonds: 

1. By a Grignard reaction 

SiCl 4 + CHjMgCI CH,SiClj + MgCI 2 
CH^SiClj + CHiMgCl — (CH,) 2 SiCI 2 + MgCI 2 
(CH,) 2 SiCI 2 + CHiMgCI (CHj)jSiCI + MgCI 2 
(CH,)jSiCI + CHiMgCI (CHOdSi + MgCI 2 

This is useful in the laboratory, or on a small scale. 

2. Using an organolithium compound 

4LiR + SiCI 4 — SiR 4 + 4LiCI 

This also is useful in the laboratory, and R may be alkyl or aryl. 

3. By the Rochow Direct Process’. Alkyl or aryl halides react directly with 
a fluidized bed of silicon in the presence of large amounts (10%) of a 
copper catalyst. 


Si + 2CH,CI 


Cu catalvsl 280-300*0 


(CH02SiCl 2 


This is the main industrial method for making methyl and phenyl 
chlorosilanes which are of considerable commercial importance in the 
production of silicone. The field i> >bo«lMV 
o, o.hc, producis, MeSiCMI %l 

OZS “1 di^c," o,S field . nd-ie. o, prod..,, .nd «, 
i fracnonaiion is imporia". as rhe bn,tog po.nl, are store: 

. general 

method ^ benls no, applicable ,o making .he merhfl and phe.fl silane 
required by the silicone industry. 
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Except for PhjSiCL which is solid, the products are volatile liquids. Th e 
are highly reactive and flammable and the reaction with water is strong 
exothermic. y 


Silicones 

The silicones are a group of organosilicon polymers. They have a wide 
variety of commercial uses as fluids, oils, elastomers (rubbers) and resin 
Annual production is estimated as about 300000 tonnes/year. They are 
now produced on a larger scale than any other group of organometair 
compounds. ,c 

The complete hydrolysis of SiCU yields SiO z , which has a very stable 
three-dimensional structure. The fundamental research of F. S. Kipping 0 
the hydrolysis of alkyl substituted chlorosilanes led, not to the expected 

silicon compound analogous to a ketone but to long-chain polymers called 
silicones. ca 


R Cl R OH 

V V 

/ \ - 2Ha / \ 

R Cl R OH 


-H.0 



HO—Si—OH + HO—Si—OH HO—Si—O-Si-OH 

I 


I 

HO—Si—OH + HO—Si— 




I 


R 

I 

O—Si— OH 

I 

R 


I 




HO—Si—O—Si—O—Si—OH etc. 

I I I 

R R R 

H£ti!uHri 8 ™ ,eri ? ,S for manufacture of silicones are alkyl or aryl 

wme ohlnvI Hl 05 '. Me * hyl impounds are mainly used, though 

rifone^CH t-n 8 Ve * 3re USCd ® S wplL Hydrolysis of dimethyldichloro- 

OH arS f S f . 2 8 ' V ! S "? *° s,ra '8 h < chain polymers and. as an active 

?hnin T P kft ? ach *"? ° f ,he chain - Polymerization continues and the 

£" Z en8 ' h < CH '>*SiCI 2 is therefore a chain building unit 

Normally, high polymers are obtained. 
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Hydrolysis under carefully controlled conditions can produce cyclic 
structures, with rings containing three, four, five or six Si atoms: 


Me O 

Me 

Me 

Me 

\ / 

\ / 

1 

1 

Si 

Si 

Me—Si- 

O—Si—Me 

/I 

1 \ 

1 

1 

Me O 

O Me 

O 

O 

\ 

/ 

1 

1 

Si 

Me—Si- 

-O—Si—Me 

/ 

\ 

I 

1 

Me 

Me 

Me 

Me 


iris cycki-dimcthylsikuanc Iclrakis cyckvdimcihybikiwnc 

Hydrolysis of trimethylmonochlorosilane (CHj)*SiCI yields (CHOjSiOH 
trimethylsilanol as a volatile liquid, which can condense, giving hexa- 
methyldisiloxane. Since this compound has no OH groups, it cannot poly¬ 
merize any further. 

CH, CH, CH y CH., 

i ' i ii 

CH,—Si—OH + HO—Si—CH, —■ CH,—Si—O—Si—CH, 


CH, 


CH, 


CH, CH, 

hcumcthtkliMkiXiinc 


If some (CH,),SiCI is mixed with (CHJ 2 SiC^and hydro^sed, the 
(CH,),SiCI will block the end of the straight chain produced by (CHjJbSdCl,. 
Since there is no longer a functional OH group at th« end ^he Aam.rt 
cannot erow any more at this end. Eventually the other end will be Mocked 
in a similar way Thus (CH,),SiCI is a chain stoppingunna^^enihocrf 
(CH,),SiCI and (CH,) 2 SiCI 2 in the starting mixture will determine the 

average chain size. 

CH, CH, CH, CH 3 CH 3 

HO-Si-O-Si-O-Si-O-Si-OH + HO-Si-CH, - 

- ch 3 ch 3 ch 3 ch 3 ch 3 

CH, CH, CH, ^ 

HO—Si—O—Si O Si O Si—O Si CH, 

CH, CH, CH, CH, CH, 
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——-J 

The hydrolysis of methyl trichlorosilane RSiCl 3 gives a very comnl 
cross-linked polymer. ex 


R—Si—O—Si—O— 


—O—Si—O—Si—O—Si—O— 


i 

In a similar way addition of a small amount of CH 3 SiCU to the hvHmi 

good electrical insulators and h a he y ar e strongly water repellent, are 
propen.es. Their strength and inerJss' 

, ^ nde " er gy « very 'hig^ (502 k J mol-^')~° S ' ° S ' The Si ~° 

- The high strength of the Si—C bond. 

Their water repellency arises beo.no , r 

organic side groups and lonkc a silicone chain is surrounded by 
may be liquids, oils! greases i** 3,1 alkane from ,he outside. Silicones 

Straight chain po.y^ of 20 * <rUbberS> ° r resins 

They make up 63 % of the silicons used IfT ^ aS silieone Hu,ds 

mixture of (CH,) 2 SiCl 2 and (CM u n ^ ,hey are made b y hydrolysing a 
erably. Commercially they are m’J.'iJk. ,he chain len P ,hs vary consid- 
dimethylsiloxane (Me,SiOl a Hk by treatin & a mixture of tetrakis cyclo* 
with 100 % H 2 S0 4 . The cyclo comr, eXa T lhyl disiloxane (Me).SiOSi(Me). 
the hexamethylsiloxane provides et.° Un P rov ' des chain building units, and 
length is determined by the Zl L ? S '° PP ‘ n g groups. The average chain 
S'—O—Si bonds, forming Si—O— reac,ants Th e H : S0 4 splits 
hydrolyse back to give Si—O—Si ho h " CS,erS and Si—OH. The esters 
and results in the size of chains all he" S T b ' s Process goes on repeatedly, 
viscosity increase with chain | engt c° m,n ? s ' m ^ ar ^ e filing point and 
watery liquids to viscous oils and ere com Pounds ranging from 

repellents for treating masonry and bullin' Th ? fluids are U!>ed as wa,er 
are also included in car polish and shoe Dolkk | asswarc a nd fabrics. They 
and have a low surface tension. Addition ,' Cone fluldsarc non-toxic 

a f cvv parts per million of ^ 


hydrides 


Silicone greatly reduces foaming in sewage disposal, textile dyeing, beer 
mak.ng (fermentation) and frothing of cooking oil in making potato crimps 
or chips Silicone oils are used as dielectric insulating material in high 
voltage transformers. They are also used as hydraulic fluids. Methyl 
silicones can be used as light duty lubricating oil. but are not suitable for 
heavy duty applications like gearboxes, because the oil film breaks down 
under high pressure. Silicones with some phenyl groups are better lubri¬ 
cants. These oils can be mixed with lithium stearate soaps to give greases. 

Silicone rubbers arc made of long, straight chain polymers, (dimethyl- 
polysiloxanes) between 6000 and 600 000 Si units long, mixed with a filler- 
usually finely divided Si0 2 or occasionally graphite. They are usually 
produced by hydrolysis of dimethyldichlorosilane with KOH. Great care 
must be taken to exclude chain blocking and cross-linking groups. Rubbers 
make up about 25% of the silicones produced. Silicone rubbers are useful 
because they retain their elasticity from -90°C to +250°C, which is a 
much wider range than for natural rubber. They are also good electrical 
insulators. They may be vulcanized to give hard rubber as follows: 

1. By oxidizing with a small amount of benzoyl peroxide which produces 
occasional cross-links (up to 1% of the Si atoms may be cross-linked). 

2. By building a cross-linking unit into the chain. 

The most heat-stable side groups are phenyl groups, followed by the 
methyl, ethyl and propyl groups in descending order of stability. On heat¬ 
ing in air to 350-400°C. silicones are rapidly oxidized and cross-links 
are formed. The polymer becomes brittle and cracks, and low molecular 
weight polymers and cyclic structures arc evolved. Strong heating in the 
absence of air causes silicones to soften and form volatile products, but 

oxidation and cross-linking do not occur. 

Silicone resins are rigid polymers rather like bakel.te. They are made by 
dissolving a mixture of PhSiCI, and (Ph) 2 SiCI 2 in toluene and hydrolysing 
with water. The partly polymerized product is washed to remove HCland 
can then be shaped or moulded. Finally the product is hea ed w„h a 
quaternary ammonium salt as catalyst to condense any renaming OH 
groups in the structure. The final product is extensively cross-linked 
groups n oroduced are resins. These resins are used as 

electrical insulators often mixed with glass fibre for additional strength^ 
electrical insula . boards ^ (o encapsulate inte grated 

They are used to make printed circ non-stick coatings for 

circuit chips and resistors. They are aiso use 

pans, and for moulds for car tyres 




r 

>) 


YDR1DES 

hvHrides but the number of compounds 
II the elements f° rm c0 ^ a h V form di ff e rs greatly. Carbon forms a 
rmed and the ease w.tincluding: 
ist number of chain and ring v” 


1. The alkanes (paraffins) C„H 2 „»j 

2. The alkenes (olefines) C„H 2( , 
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3. The alkynes (acetylenes) C„H 2 n -2 

4. Aromatic compounds 

These are the basis of organic chemistry. There is a strong tendency to 
catenation (forming chains) because the C—C bond is very strong. 

Silicon forms a limited number of saturated hydrides, Si n H^ +2 , called 
the silanes. These may exist as straight chains or branched chains, con 
taining up to eight Si atoms. Ring compounds are very rare. No analogues 
of alkenes or alkynes are known. Monosilane SiH 4 is the only silicon 
hydride of importance. SiH 4 and SiHCl.i were first made by treating an 
Al/Si alloy with dilute HC1. A mixture of silanes was prepared by hydro¬ 
lysing magnesium silicide, Mg 2 Si, with sulphuric or phosphoric acid. These 
compounds are colourless gases or volatile liquids. They are highly re¬ 
active, and catch fire or explode in air. Apart from SiH 4 they are thermally 
unstable. It only became possible to study them when A. Stock invented a 
method of handling reactive gases in a vacuum frame. 


. . _. heal in absence of air 

2Mg + Si-1 

Mg 2 Si + H 2 S0 4 -» SiH 4 


.... ui.ir 

-» Mg 2 Si 

SiH 4 (40%) 
Si 2 H* (30%) 
Si,H g (15%) 
Si 4 H,o (10%) 
SijH, 2 l 

smJ (5%) 


( 10 %) 

(5%) 


More recently monosilane has been prepared by reducing SiCI 4 with 
LijAlti,]. LiH or NaH in ether solution at low temperatures. This is a 

much better method, as it gives one product rather than a mixture and it 
gives a quantitative yield. 

SiCU + Li[AlH 4 j SiH 4 + AICI, + LiCI 
Si 2 CI* + 6LiH -» Si 2 H„ + 6LiCI 
Si,a K + 8NaH -» Si,H R + 8NaCI 

Silanes may also be prepared by direct reaction by heating Si or ferrosilicon 
with anhydrous HX or RX in the presence of a copper catalyst. 

Si + 2HCI -» SiH 2 CI 2 
Si + 3HCI -► SiHCI, + h 2 
Si + 2CH,CI CH,SiHCI 2 + C + H, 

The silanes are much more reactive than the alkanes. The alkanes are 
chemically unreactive apart from reaction with the halogens, and burning 
in air. In contrast the silanes are strong reducing agents, ignite in air and 
explode in Cl 2 . Pure silanes do not react with dilute acids or pure water in 
silica apparatus, but they hydrolyse readily in alkaline solutions, or even 
with the trace of alkali which leaches out from glass apparatus. 
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SiiH„ + (4 + , 0H2 ol2!l^ 2SiO: . f)H2O + 7H; 

react ion" "w ft ; h "al ke tie's. ,n the^rescn^rof a 3 " i . mp ° r,am hydr0sila,ion 
acnon ,s sitni.ar to hydroboration. and the P r<S^2yZZ* JS 


silicones. 


re¬ 
make 


RCH ~ CH 2 + SiHCI, RCHjCHjSiClj 

The difference in behaviour between alkanes and silanes 
several factors: 


is attributed to 


1. Pauling s electronegativity values are: C = 2.5. Si = 1 8 and H = 7 1 
Thus the bonding electrons between C and H or Si and H are not 
equa ly shared, leaving a 6 charge on C and a charge on Si. Thus Si 
is vulnerable to attack by nucleophilic reagents. 

6 " 6 " 6 + 6 " 

C—H Si—H 

2. The larger size of Si makes it easier to attack. 

3. Si has low energy d orbitals which may be used to form an intermediate 
compound, and thus lower the activation energy of the process. 

Several germanium hydrides or germanes Ge„H 2 „+ 2 are known up to 
n = 5. They are straight chain compounds and are colourless gases or 
volatile liquids. They are similar to the silanes, but are less volatile, less 
flammable and are unaffected by water or aqueous acids or alkalis. GeH 4 
can be made: 

GeCI 4 + Li[AIH 4 | d,yclh !l. GeH 4 + LiCI + AICI, 


GeO, + Na[BH 4 ] ^ ucnu> * ,lu "° -l GeH 4 + NaBOj 

Stannane SnH 4 is much less stable. It can be made by reducing SnCl 4 with 
Li(AIH 4 ] or Na[BH 4 ). It is a strong reducing agent. It is unaffected by 
water and dilute acids and alkali, but it reacts slowly with concentrated 
solutions. Distannane Sn 2 Hf, is known and is even less stable. No higher 
stannanes are known. Plumbane PbH 4 is even Jess stable and even more 
difficult to prepare. The preparative methods used for the other hydrides 
fail. It has been made in trace amounts and at low concentrations by 
cathodic reduction and detected using a mass spectrometer. 


CYANIDES 

The alkali metal cyanides, particularly NaCN, are made in quantity, about 
120000 tonnes/year. Until about 1965 it was made by the Castner process 
by high temperature reactions from sodamide. 

Na + NHj -* NaNH 2 + iH 2 
NaNH 2 + C NaCN + H 2 
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Since 1965 hydrogen cyanide HCN has become commercially ava . 
able (currently 300000 tonnes/year): NaCN is made from this. HCN J 
formerly prepared by acidification of NaCN or Ca(CN) 2 . 3s 

2NaCN + H 2 S0 4 — 2HCN + Na 2 S0 4 
Ca(CN) 2 4- H 2 S0 4 — 2HCN + CaS0 4 

In the modern industrial processes, a gas phase reaction occurs betwe x 
CH 4 and NH, at about 1200°C in the presence of a catalyst. Ln 

Degussa process CH 4 + NH, - HCN + 3H 2 (Pt catalyst) 
Andrussow process 2CH 4 4- 2NH, 4 30 2 -► 

2HCN + 6H 2 0 (Pt/Rh cata)yst) 

HCN is extremely poisonous. It has an abnormally high boiling point of 
26 C. because of hydrogen bonding. It is one of the weakest acids known 
weaker than HF. Over half the HCN produced is used to make ^ 

(C CnT m a e n h d y 'vT e,haCryla,e H and ,hC remamder iS U “ d <° "»■* NaCN 

K (FetCNt H l Cyan ' de com P icxes such as K 4 [Fe(CN),l and 
K,lFe(CN) h ]. and in the extraction of Ag and Au. 

4A + r^ IC ?’ + 3NH ' "* 3HCI + C ’ NdNH ^)- (melamine) 
8NaCN + 2H,0 + O, — 4Na|Au(CN),| + 4NaOH 

HCN has been used as a non-aqueous ionwing solvent 

.«!. '^1 ,r: Mvvro? y? 

co * nj i'®i' comply are fenocyanid.s l" . (, ™ n ' Tw0 

[Fe(CN)J 3 ~ The later y . dCS ' Fe ( CN )h] and ferricyanides 

because they «n use filled T k". e 1 le , men,S form s,able cyanide complexes 

the effectiveness of CN* as a nKceniol C °'’ he cha, * e also weakenl 
The extreme toxicity of cvanides 4rt..» ev.- 
tn enzymes and haemoglobin in the bodv , h CN complexm 8 wi,h me,als 
oltsm. Besides forming many Comdexes a h ? preven,m 8 normal me,ab ' 

the cyanide ion often bringsout the maxim™ ° 8 ° US r!° hahde complexeS ' 
metal. Thus Fe 3+ forms IFeCI I" with . * m “ m coordination number of a 

<»-* to-. Man, miKs'seTh »Cn* nT".' bul |F ' (CN|J '' "» 

plexed with cyanide ions. The format- \ <l ui,e s, able when com- 
the extraction of silver and gold as th» " ° f “ )m P lexes is important in 
NaCN in the presence of air, and form J? e ' a S d,ssolve in a solution of 

aurocyanide, from which the metal is're™ lum j ar g en '°cyanide or sodium 

covered by reduction with zinc. 
4Ag 4- 8NaCN + 2H->0 4-0 _ a KI f * 

4Au + 8NaCN + 2HnO + 0 ^ W + 4Na ° H 

2 + O, 4Na|Au(CN) 2 ] + 4NaOH 

Cyanide tons may act as both complexing and reducing agents- 


V'. 


COMPLEXES 


2Cu z+ + 4CN" - (CN) 2 + 2CuCN [Cu(CN) 4 ] 3 " 

In this reaction the cyanide ion is itself oxidized to cyanogen (CN) 2 in much 
the same way as I is oxidized to I 2 by Cu 2+ . In alkaline solution, cyanogen 
disproportionates into cyanide and cyanate ions. 

(CN) 2 + 20H" -► H 2 0 + CN" 4- NCCT 

The cyanate ion is isoelectronic with carbon dioxide; hence they have 
similar structures and are both linear. 

0=C=0 - N=C=0 


i' 

£ 





iP 


COMPLEXES 


The ability to foiim complexes is favoured by a high charge, small size and 
availability of empty orbitals of the right energy. Carbon is in the second 
period and has a maximum of eight electrons in its outer shell. In four- 
covalent compounds of carbon, the second shell contains the maximum of 
eight electrons. Because this structure resembles that of a noble gas, these 
compounds are stable, and carbon does not form complexes. Four- 
covalent compounds of the subsequent elements can form complexes 
due to the availability of d orbitals, and they generally increase their 
coordination number from 4 to 6. 


SiF 4 + 2F- - [SiFft) 2- 
GeF 4 4- 2NMe* — [GeF 4 • (NMe 3 ) 2 ] 
SnCI 4 4- 2Cr - [SnCl 6 ] 2 " 


he VSEPR theory suggests that because there are six outer electron pairs 
^conlplcxn „dl bfocukM. T* ™1«n« ho.d “ 

jur covalent and two coordinate bonds are formed and give 
tructure. For example, [SiF 6 | 


Electronic structure 
of silicon atom in 
ground state 


3M 

full |- 1 

inner |ti| 

shells 


Silicon atom in 
excited state 



Silicon atom having 
gained a share in four 
electrons from four fluorine 
atoms in the SiF 4 molecule 



3 P 



□ 

T 

3 



0 

U 

0J 




(SiF 6 ] 2 ‘ where two 
F each donate share 
in electron pair, 
forming two coordinate 
bonds 



six electron pairs give 


an octahedral structure 
(sp*d 2 hybridization) 
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The arguments over hybridizing d orbitals have been discussed in Ch 
4. The [SiF 6 ] 2 " ion is usually formed from Si0 2 and aqueous HF dplCr 

Si0 2 + 6HF —► 2H + + [SiF 6 ] 2 “ + 2H 2 0 

The [SiF 6 ] 2_ complex is stable in water and alkali, but the others in th 
group are less stable. [GeF 6 ] 2 ~ and [SnF 6 ] 2 “ are hydrolysed by alkali 
(PbFJ 2 is hydrolysed by both alkali and water. Ge, Sn and Pb also fo 
chloride complexes such as [PbCI 4 ] 2 -, and oxalate complexes snrh^ 
lPb(ox) 3 ] 2 - uch « 

Lead tetraacetate Pb(CH 3 COO) 4 can be obtained as a colourless solid 
by treating Pb 3 0 4 with glacial acetic acid. It is water sensitive, and is wide ! 
used as a selective oxidizing agent in organic chemistry. Its best known 

application is ib the cleavage of 1,2-diols (glycols), as present, forexamole 
in carbohydrates. ^ ’ 


OH Pb<CH*COO) 4 ^ 

-► I )Pb (CH 3 COO) : 

OH -C—0 / 


I 

—c=u 


—c=o 


Pb(CH 3 COO) 2 




SiHi 


SiM 3 

Figure 13.17 Trimethylamine 
N(CHi)i and trisilylamine 
N(SiCH,) 3 . 


INTERNAL * BONDING USING d ORBITALS 

The compounds trimethylamine (CH 3 ) 3 N and trisilylamine (SiH,) 3 N have 

Zerhl ’.i, hSVe t0ta " y differen > s,ruc tur es (Figure 13.17). In 
trimethylamine. the arrangement of electrons is as follows: 


Electronic structure of |—i i—» 

nitrogen atom - ground state liLI [ti] 


is 


2s 


2P 


three unpaired electrons form 
txxxls with CH 3 groups - 
tetrahedral arrangement of 
thrw bond pairs and one lone pair 
(*P hybridization) 

In trisilylamine, three rp 2 orbitals are used for o bonding riving a pit 
triangular structure. The lone nsir nf n g. giving a pu 

angles to the plane triangle. Tbk * "k 

the three silicon atoms, and resu s^n ‘ ^^ 

described as pn-dn bonding because ,, i f ^l" 8 ' m0re aCCura ‘ 

// orbital TKic . ? ause lX ls from a full p orbital to an em 

u orbital. This shortens the bond lencths N_c; c* 

longer has a lone pair of electrons the mol* 1 w S,nCC thC nitrogW1 
Similar nw Aw k m °l ec ule has no donor properti 
Similar pn dn bonding is impossible in (CH 3 ),N because C does 
possess d orbitals and hence rhk __ u '. V 3 wcause c 00 

compounds are now thought to contain h I kJ > ^ ram,dal ' Ab ° ol 
Further Reading, Raabe and Mich") " * (FigUre 1318) ' 
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TETRAHALIDES 




Figure 13.18 px-dn bonding in trisilylamine. (From Mackay and Mackay, Intro• 
duction to Modern Inorganic Chemistry, 4th ed., Blackie, 1989.) 


TETRAHALIDES 

All the tetrahalides are known except Pbl 4 . They are typically covalent, 
tetrahedral, and very volatile. The exceptions are SnF 4 and PbF 4 , which 
have three-dimensional structures and are high melting (SnF 4 sublimes at 
705°C PbF 4 melts at 600°C). The elements after C have d orbitals 
available, and the Si-F, Si-Cl and Si-O bonds are stronger than the 
corresponding bonds with C. This is thought to be due to the donation of 
electrons from F, Cl or O to Si, giving rise to pn-dn bonding. 



Carbon 

Tetrafluoromethane (carbon tetrafluoride) CF 4 is an exceptionally unre¬ 
active gas. It can be made as follows: 

co 2 -l- sf 4 -► cf 4 + so 2 

SiC *4- 2F 2 —► SiF 4 + CF 4 
CF 2 CI 2 + F 2 -► CF„ + Cl 2 (industrial method) 

Other fluorine compounds such as hexafluoroethane G|F«^and te 

c,F. ■»« p«-»XU& fc 

giving polytetrafluoroethylene 01 ’ ™ (more dense) tha n one 

with a greasy feel to the touch, and is muc r hemicallv inert It is 

would expect. It is a good electrical insulator, and . * 

expensive, and is used in the laborat ly non -stick pans and 

ver y low coefficient of fnctton an ^ f i| U ^° n “ ^Tvents and insulators, 
razor blades. Fluorocarbons are useful lubricants, soi 


SbFCU cawlyst 

CHClj + HF- 


CF 2 CIH C 2 F 4 


QF. 


> » 

pressure 


(C 2 F 4 ), 


Figure 13.19 pn-dn overlap 
in SiF 4 . 
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Tetrachloromethane (carbon tetrachloride) CCI 4 is manufactured mainly 
from carbon disulphide. 


CS 2 + 3 CI 2 


FcO. ci.ly« 30-C^ CC| ^ + 


CS 2 + 2S 2 CI 2 


FeCl, catalyst 60*C 


* CCI4 + 6S 


CCI 4 is extensively used as a solvent, and for the preparation of Freons. 
It is also used in fire extinguishers, where the heavy vapour excludes 
dioxygen and thus puts the fire out. 


ecu + CCI 2 F 2 + 2HCI 

SbCK catalyst 

The carbon halides are not hydrolysed under normal conditions because 
they have no d orbitals, and cannot form a five-coordinate hydrolysis 
intermediate. In contrast the silicon halides hydrolyse readily. Silicon has 
3 d orbitals available, and these may be used to coordinate OH' ions or 
water as a first step in hydrolysis. In any atom there are always empty 
orbitals, but these are usually too high in energy to be used. If sufficient 
energy is provided by using superheated steam then CC1 4 will hydrolyse: 

CC1 4 + COCl 2 + 2 HC 1 

steam carbonyl chloride (phosgene) 

Phosgene is highly toxic, and was used as a poisonous gas in World War I. 
It is now made by combining CO and Cl 2 with a C catalyst in sunlight, and 
is used to make isocyanates for the manufacture of polyurethanes. 


Freons 

SS& CTC ” «* - CFO, 

toxic and are u/irUiu a as J7 cons * They are unreactive and non 
aecLls and forSh “ refri * cra,ion fluids..as the propellant it 
tonnes of freons At one ,ime - nearly 700(XX 

to 100000 tonnes in 19«. E^nuiatefa!^ 11 ^ th ° U ? h production had falle( 
damage. Their use in aern™i« P ,nc . rt ^ cy environmenta 

Europe from 1990. They are stU^Ld*""**! j" * he USA in 198 °’ and “ 

Freons in Europe is planned by the year MOO 86 ™ 0 *’ “ d * *° tal ba " 

phere than is COj^hou^Mheam*'^ 8 ? Cnhouse Bases’ in the atmo: 

small. Much more seriously, the Freon*"! ° f Freons P resent is extreme! 

phere (5-20 miles high), and are causing dam pcnetra,cd the u PPe r a,mo 
has been a loss of about 6% of 8 ama ge to the ozone layer. Thei 

the ozone layer has appeared 1980 and 1990 A hole 1 

to be developing over the North Pole Th P ° C% and a similar hole xen 

filters the radiation from the sun and D ret«.° ne ,8yer is irn P or,anl as 

° preven,s most of the harmful U 


or 


_ TETRAHALIDES _ 

radiation from reaching the earth. Excessive exposure to t iv .■ 
should be avoided as it causes skin cancer (melanoma) in hunLs 
In the upper atmosphere Freons undereo a nhn.li . 

VST,ao™“ '•‘fi 

orone. The CIO radica s formed decompose slowly, re-forming chlorine 
radicals, which react with more ozone.. .and so on. The chlorine radicals 
do not recombine to form Cl 2 , because they need a three-body collision to 
dissipate the energy, and such collisions are extremely rare in the upper 
atmosphere. There is no effective sink for chlorine radicals. Once formed 
they are used again and again, so a small number of radicals make a very 
effective scavenger for ozone. 


CFCI 3 

CF 2 C1 2 

CF 3 CI 


photolysis 


Cl + o 3 


rapid 


o 2 + CIO 

i 

CIO- 

CIO + o 


Cl + o 

Cl + o 2 


Overall reaction: 2 O 3 —> 30 2 

Several less harmful aerosol propellants are now in use. Hydrofluoro¬ 
carbons (HFCs) such as CH 2 FCF 3 and hydrochlorofluorocarbons (HCFCs) 
such as CHC1 2 CF 3 are being used as substitutes. They are also greenhouse 
gases, and may damage the ozone layer, but they do less damage than 
CFCs because they do not remain in the atmosphere for so long. The H 
atoms are attacked by hydroxyl radicals in the upper atmosphere, forming 
trifluoroacetic acid. The latter is not very toxic, and is ewnitialty deo»- 
posed by bacteria in the soil. C0 2 is an alternative propellant, but when 
•« hlc a low vapour pressure and is therefore no use for windscreen 
de-icers! Butane alsTgives difficulties, since it is flammable, and cannot 

be used with food. 

Th^silicon halides 

rr^ont 0 is readily hydrolysed by alkali. 

S iF 4 + 8 OH- - SiOj- + 4F- + 4H 2 0 

.nirtlv hvdrolysed by water to give silicic acid. 
The silicon halides are rapidly hydro.y y 

SjCI 4 + 4H 2 0 - Si(OH) 4 + 4HCI 

■., a cecondary reaction occur between the 
In the case of the teirafluor.de , he hc „fluorosilicate ion 

resultant HF and the unchanged S.f 4 , 

|SiF<,] 2 - 


459 


uv^ai 11 kj y uai 1 luoai 1 




SiF« + 2HF-* 2H + + (SiFft) 2 ' 

SiCl 4 is commercially important. Small amounts are used to make ultra 

pure Si for transistors. Large quantities of SiCl 4 are hydrolysed at a high 

temperature (in an oxy-hydrogen flame) giving very finely powdered SiO 

rather than Si(OH) 4 . This ultrafine Si0 2 is used as a thixotropic agent in 

polyester and epoxy paints and resins, and as an inert filler in silicone 
rubber. e 

Other members of the series Si„X 2„+2 can be produced by pyrolysis 
(strong heating). These are either volatile liquids or solids. The longest 
chains known are Si 16 F 34 , Si 6 Cl I4 and Si 4 Br 10 . The chains are longer than 
those formed in the hydrides. This is due to pn-dn bonding from full 
halogen p orbitals with d orbitals on Si. 

SiCl 4 + Si -► Si 2 Cl 6 4* higher members of the series (S^CIu) 
Germanium, tin and lead 


and Pb form ,wo ser *es of halides, MX4 and MX 2 . With Ge the 
t+lv) oxidation state is the most stable, but with Pb the (+11) state is the 
most stable. 

The tetrahalides are all colourless volatile liquids except for Gel„ and 
,* which are bnght orange solids. Compounds formed by the main group 
elements are normally white. Colour is associated with electrons being 

H d f/ r ° m ° n u e " ergy leVCl ‘° another - and absorbing or emitting the 
energy difference between the two levels. This is common in the transition 

alhwvinafn ! ^ “* ° f,en Unh!led «"«» ‘<^IS ‘he * Shell, 

and n »i J , ^° rn ° If**?, r ° m one d * eve * t0 another. In the main groups, thes 

DronfoHon °, n K She ^ S "* " 0nnally filled wh en a compound is fanned, so 
to a^o her W f m ,he Tr She " “ n °‘ P° ssible - Promotion from one shell 
enerev that ^ exam P * ^ rom *he 2 p to the 3 p level, involves so much 
the llsibl re S0rp ^" T W0Uld appear in the “hraviolet rather than in 
iotour The!f T ‘ he te,rahalides wou *ri be expected to be white in 

Sn ' 4 is caused by * he absor P ,io " of blue “eh*. 

T a,n,ng 3 higher P^Portion of red and orange. 

Sn (This 8 corresmnd' n . h '.l Way CaUSCS the ‘ ransfer of an elec *ron from I to 
Since transfer ^ * ,° ,he ,em P° r ary reduction of Sn(IV) to Sn(III).) 

such spectra a^caMed*^ 0 " ,0 another a,om « transferring a charge, 
because This in Sn! 4 and Gel, 

because they are close in tiuTiIj 1 ergy leve,s ‘ ^“ is would be expected 

“S5.SSL2 7 r"^ h simi,ar sizes Charge 

in dilute solutions burhydro?ys??s.ofTen ead ' ly T** PbC ' 4 hydrolySe 

by the addition of the appropriate halogen 3 ** 


SnfOH), 


HC1 HO 

^ s " c| .~is ,, ai 1 - 
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dihalides 


In the presence of excess acid, halides of Si, Ge. Sn and Pb increase their 
coordination number from 4 to 6 and form complex ions, such as |SiF„| 2 ', 
(GeF„r • ISnCIftl and |SnCI,] . Pbl 4 is not known, probably because of 
the oxidizing power of Pb(+IV) and the reducing power of P, which 
results in Pbl 2 always being formed. 

Catenated halides 

Carbon forms a number of catenated halides, perhaps the best known 
being Teflon or polytetrafluoroethylene, which is described above. The 
polymers formed have chain lengths of several hundred carbon atoms 
Silicon forms polymers (SiF 2 )„ and (SiCI 2 )„ by passing the tetrahalide 
over heated silicon. These polymers decompose on heating into low mol¬ 
ecular weight polymers (or oligomers) of formula Si„X 2 „+ 2 . The longest 
chains known are Si l6 F 34 , Si 6 CI, 4 and Si 4 Br,„. 

Germanium forms the dimer Ge 2 CI 6 , but Sn and Pb do not form any 
catenated halides. 


DIHALIDES 

There is a steady increase in the stability of dihalides: 

CX 2 « SiX 2 < GeX 2 < SnX 2 < PbX 2 

SiF 2 can be made by high temperature reactions, and can be trapped by 
cooling in liquid N 2 . When the product warms up, polymerization occurs 
giving a range of compounds up to Si| ft F 34 . 

SiF 4 + Si ^ 2SiF 2 

GeFj is a white solid made either by heating Ge with anhydrous HF. or 
from GeF* and Ge. It has an unusual fluorine.bridged polymeric structure, 
based on a trigonal bipyramid. GeFj units share two F atoms (giving t e 
formula GeF 2 ), and the Ge also forms a weaker interaction to another F. 
with a lone pair in the fifth position. These units are linked '"to infinite 
spiral chains. SnF 2 and SnCI 2 are white solids, and are ^‘amed by heat- 
ing Sn or SnO with gaseous ^ « HO^SttW fluoridc 

together with tin pyrophosphateSn 2 P 2 0, h ^ ^ 

toothpaste. This is surprising as Sn is toxic, #roi _^ r - The** form an 
The crystal structure of SnF 2 is made^of Sn^Fgj^ ^ jnter . 

eight-membered puckered ring S hydrolyses in water, 

actions linking the rings ‘ogethe- Sn p P and y Sn ci 2 both dissolve in 
forming the basic chloride Sn(OH)Cl. 2 

solutions containing halide ions. 

SnF 2 + F" -»(SnFj)" P* ~ 1 
SnCI 2 + Cl" -»[SnClj]" \>K~2 
c 2 . . „Ki«r,t^ solutions, but the stannous ion is readily 

Sn 2 ions do occur in perchlorate s taken Sn 2+ ions are 

oxidized by air to Sn ,v unless precautions are taken, bn 
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THE GROUP 14 ELEMENTS 


hydrolysed by water mainly to |Sn,(OH) 4 | 2 *. with small amm.n. 
(SnOHr and |Sn 2 (OH) 2 | 2 *. The (Sn,(OH) 4 ) 2+ ion is probably cyclic 
the compounds [Sn,(0H) 4 ]S0 4 and [Sn,(OH) 4 )(NO,) 2 are known 
compounds PbX 2 are much more stable than PbX 4 . Pb is the only e |p ^ 
in the group with well defined cations. The salts PbX 2 can all be made 
a water soluble Pb 2 + salt and the corresponding halide ion or halogen ^ 
The plumbous ion is partially hydrolysed by water. aci ' 


of 


Pb 2+ + 2H 2 0 — [PbOH] + + H,0 + 


CLUSTER COMPOUNDS 

There is a well established tendency for the heavier members of Grou 
14, 15 and 16 to form polyatomic ions. These may be chains rings T 

Reduction of Ge, Sn and Pb by Na in liquid ammonia gives metal ions 
containing several atoms. These have been shown to be metal clusters 
Crystalline compounds containing such ions can be isolated by forming 
complexes with ethylenediamine, or with cryptand-222 ligands. Examples 
include [Na(cryptand-222)] 2 + [Sn s ] 2 “, [Na(cryptand-222)]r [Pb s ] 2 ~. 
[Na 4 (en) 5 Ge 9 ] and [Na 4 (en) 5 Sn y j. The shape of M s clusters is a trigonal 
bipyramid, and M y clusters are unicapped square anti-prisms. (The latter 
consists of a square anti-prism, i.e. a cube with the top face with four 
comers rotated 45° relative to the bottom face. Unicapped means an extra 
atom projects from.one of the faces.) 


REACTION,MECHANISMS 

Many inorganic reactions, such* as double decomposition, involve only 
ions, and these occur virtually instantaneously. Typically, organic reactions 
are slower because they involve breaking covalent bonds, and they occur 
either by substituting one group for another, or by adding on an extra 

group to give an intermediate which then eliminates another group to give 
the product. 

The hydrolysis of SiCI 4 is rapid because Si can use a d orbital to form a 
five-coordinate intermediate, and the reaction occurs by an S^2 mechan¬ 
ism (Figure 13.20). A lone pair of electrons from the oxygen is donated to 
an empty d orbital on Si, forming a five-coordinate intermediate which has 
a trigonal bipyramidal structure. 



Figure 13.20 Hydrolysis of SiCl 4 . 



ORGANIC DERIVATIVES 


Electronic structure 
of silicon 
excited state 



Silicon having gained 
four electrons in 
SiCU 

four orbitals - tetrahedral molecule 
(sp 3 hybridization) 



SiCI 4 having gained 
a lone pair from 
OH" in the 

intermediate fi Ve orbitals - trigonal bipyramid 

(sp*d hybridization) 

If the hydrolysis is performed on an asymmetrically substituted, and con¬ 
sequently optically active, silicon compound such as MeEtPhSi’Cl, then 
Walden inversion will occur, resulting in inversion of the structure from 
d to / or vice versa (Figure 13 . 21 ). In a similar way, the reduction of 
R t R 2 R3 Si*Cl with Li[AlH 4 ] to give R ( R 2 R3 Si*H also involves inversion 
of structure. 

Other mechanisms are possible because the conversion of R^RjSi'H 




Figure 13.21 Walden inversion of structure. 


to R1 R “^ S i*occurs with the ,^but'dis^lving in 

dissolved in-ether or CCI 4 it recovers ui.v. & 

CH^CN results in racemization. 


ORGANIC DERIVATIVES 

The elements of this ««de«»wl- 

The divalent state becomes " c g y , her sur pn S j n gly the organo- 
ing the group (the inert pair effec . yet^ ^ J ^ M „ 

metallic derivatives of Sn and tant as (he starting matc rials for 

The alkyl silicon chlorides J£ one polymers have already been 
the manufacture of Sl ! ,c °"*? v j of S i, Ge Sn and Pb may be prepared 
described. Tetraorganicderi no | ith ium reagents, 

from the halides using Grigna 

SIO. ♦ MeMgCI - M' SICI ' B Me!S “ 1 + M p ;f 1 ,CI - 
PbCI 2 + LiEt - PbEt 2 - Pb + PbEt. 
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Tetraethyl lead is produced in large amounts and used an an ‘anti-kno k* 
additive to increase the octane number of petrol. The commercial prepar 
tion uses a sodium/lead alloy. ** 

Na/Pb 4- 4EtCI PbEt 4 4- 4NaCI 

Le?d is poisonous to man, and burning petrol containing PbEt 4 releases 
lead into the atmosphere. In 1974 about 230000 tonnes of PbEt 4 was 
produced in the USA, 55000 tonnes in the UK, and an estimated total of 
500000 tonnes worldwide. At that time, PbEt 4 was produced in larger 
tonnage than any other organoraetallic compound. Production in 1992 
was 150000 tonnes and is still declining as a result of legislation requiring 
that new cars must run on lead-free petrol. 

About 40000 tonnes/year of organotin compounds R 2 SnX 2 and R^SnX 
are used. About two thirds are used to stabilize PVC plastics and the 

remainder are used in agriculture to control fungi, and pests such as insects 
and larvae. 
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PROBLEMS 

1 What are the most common oxidation states of carbon and tin? Why is 
there any difference? 

2. (a) Draw the structures of diamond and graphite. 

(b) Explain the difference in density between diamond and graphite. 

(c) Explain the difference in electrical conductivity between diamond 

and graphite. 

(d) Which allotropic form of C has the lowest energy? 

(e) Why does the less stable form exist when the other form is 
thermodynamically favoured? 

3. List as many ways as possible of making CO and CO 2 . What are they 
used for, and how are they detected? 

4. Explain the bonding in CO and C0 2 . 

5. List the advantages and limitations of CO as a reducing agent in the 
extraction of metals from their oxides. 

6. Give equations to explain what reaction occurs when the following are 
heated: (a) CaCO*, (b) CaCO* and Si0 2 , (c) CaCO^ and C, (d) CaC 2 
and N 2 . 

7. Explain what happens when C0 2 is passed into a solution of Ca(OH) 2 . 
What happens with excess C0 2 ? 

8. Give equations to show what reactions occur between CO and: (a) 0 2 , 
(b) S, (c) Cl 2 , (d) Ni, (f) Fe, (g) Fe 2 O v 

9. Write the formulae for the mononuclear carbonyls formed by V, Cr, 
Fe and Ni. What is the effective atomic number rule? Which of these 
complexes obey the rule? 

10. Explain with the aid of suitable diagrams how CO forms a and it bonds 
in Ni(CO) 4 . 

11. Draw the structures of the polynuclear carbonyls Mn 2 (CO)n». 
Fe ? (CO) l2 , Ru,(CO), 2 and Rh 4 (CO)| 2 . 

12. Why does CaCO* dissolve slightly when excess C0 2 is passed into an 
aqueous slurry? Write equations to explain the effect of a smal 
amount of C0 2 on lime water, and of an excess of C0 2 . 

13. Give reasons why C0 2 is a gas and Si0 2 is a solid. 

14. Explain the n bonding in C0 2 , CO.^, S0 2 and SO*. 
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15. Why is CCI 4 unaffected by water whilst SiCl 4 is rapidly hydrolysed? Is 
CC1 4 unreactive towards superheated steam? 

16. Compare the shapes of the following pairs of molecules or ions, and 
suggest reasons for the differences in each pair: 

(a) CCI 4 and TeCl 4 

(b) C0 2 and N0 2 

(c) SiF 4 and 1C1 4 

17. Why is Snl 4 an orange coloured solid when CC1 4 and SiBr 4 are 
colourless liquids? 

18. Starting with labelled BaCC>3 (containing l4 C), how would you prepare 
labelled Na 2 CC>3, CaCO,, CaC 2 , CaNCN, C 2 H 2 , CH 3 OH, CS2 and 
Ni(CO) 4 . 


19. How is CS 2 made, and what is it used for? 

20. How are NaCN and (CN) 2 made? What is NaCN used for? 

21. Give two preparations for monosilane and compare its chemical 
properties with those of CH 4 . Explain any differences. 

22. Give three examples of Freons. How are they made, what are they 
used for, and how do they damage the environment? 

23. ’ Compare and contrast the structures of trimethylamine and tri- 

silylamine. 

24. Draw the structures of six different types of silicate and give the name 
and formula of one example of each type. 

25. Describe the uses of soluble sodium silicates. 


26. Describe the use of zeolites as water softeners. 

27. How are silicate impurities removed in the extraction of Al and Fe? 

28 Describe two commercial methods for manufacturing alkyl substi¬ 
tuted chlorosilanes. How are the reaction products separated and how 
may polymers with almost any specified properties be prepared from 

them? 

29 How can silicates be detected in qualitative analysis? 

30. What are the main ores of Sn and Pb, and how are the metals 


extracted? 

31 Give equations to show the reactions between Sn and: (a) H^,, 
(b) NaOH, (c) HNO3, (d) 0 2 , (e) Cl 2 . 

32. What are the main uses of lead/ 

33 What is red lead, and what is it used for? 

34 what are the main sources of lead pollution, what can be done about 

them and what are the effects of lead on humans. 

35. How would you make lead tetra-acetate? What is its structure, and 
what is it used for? 

,, Describe the changes in physical and chemical properties which may 
Served in the elements C, Si. Ge. Sn and Pb. Give reasons for 


these changes. 
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Tabk 14.1 Electronic structures and oxidation states 


Element 

Nitrogen N 

Phosphorus p 

Arsenic As 

Antimony Sb 

Bismuth Bi 


Electronic structure 

|He| 2s 2 2p’ 

(Ne| 3s ; 3p' 

!Ar) id'" 4s 2 4p’ 

[Kr] 4</'" 5s 2 5p' 

[Xe)4/ IJ 5rf"' fa- 1 6p' 



shown in bold° OlheT'welUchara'/ler^ed'"^' " y I* 1 * m ° M abundant and stable) ai 
m normal type. Oxidation stales that states are \hrm 

parentheses. njl re unsta hle. or in doubt, are given i 


1 KON,c structure and oxidation states 

exhibit a maximumoxidation state offi eleC,r ° ns in ,heir ou,er shell. 

outer electrons in forming bonds The T ' ) ° Ward ( s oxy 8 en b y “sing all f 

to remain inert (the inert pair effect i f ° f ' he p3lr ° f 5 eleclrc 

weight. Thus, onlv the n increases with increasing aton 

results. Valencies of three andfi° nS *** USC< * bond ' n g ancl trivaler 

sulphur. The hydrides are trivalem N3 ShOW " W *! 1h . ,he halo 8 ens and » 
oxidation states: (-111) in amm„ • v ,!, r0 ^ en exb ibits a very wide ranee 
hydroxylamine NH 2 OH (0) in°H in hydrazine N : H 4 . (-1) 
(+11) in nitric oxide NO (+nn • m r ®® en (+1) in nitrous oxide N ; 

dioxide NO, and ( + V) i n nitric a^HNo "tk HN ° 2 ' (+,V) in ni,r0? 
arise because the electroneeativiiv „r l V°', The ne 8 a,| ve oxidation stai 
, . 8 y ot H = 2.1 and that for N = 3.0 


occurrenceTextractton^ndTises" 

Nitrogen 

Though dinitrogen comprises 78% of th 

very abundant element in the earth 1 * 6 e , s atmosphere, it is 

Nitrates are all very soluble in water ° nly the ,hirl y- ,hird e< 

water so they are not widespread i 
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earth’s crust, though deposits are found i„ „ , , 

largest is a 450-mile-long belt along the co a « de L Sert re 8 ions - The 
NaN0 3 (Chile saltpetre) is found together wfl T hem Chile ' where 
CaSO, and NaI0 3 under a thin layfr of Lnf Sm am ° Unts of m0 " 
main source of nitrates prior to World War i ° r u°*' ^ P rovided ‘he 
were developed for the manufacture of nitrat^f 6 " Syn,hetic P roce sses 

A “i" *>»»" «saltpetre KNO, om^nST'’ "" 

™< ■£» «!*. (An 

average composmon ot a protein is C = 50% O = 7S°/ m - 170/ 
H - TV S - 0.5%. p . „, S % b) wti8h ,., N 

compounds are nxr.nrrvnl, u*d in fc„(iu«„ ,„ d „,**«, £2°*“ 

century NaNO, was very important as a fertilizer. Bat guano was also 

Table 14.2 Abundance of the elements in the 
earth s crust, by weight 


ppm 


Relative abundance 


N 

19 

33 = 

P 

1120 

11 

As 

1.8 

52 

Sb 

0.20 

64 

Bi 

0.008 

71 


important. (This is bat droppings, which were found in large amounts in 
limestone caverns in Kentucky, Tennessee and Carlsbad, New Mexico.) In 
the last 50 years these sources have largely been replaced by NH* and 
NH4NO} from the huge synthetic ammonia and nitric acid industries. 

Dinitrogen gas is used in large amounts as an inert atmosphere. This is 
, mainly in the iron and steel and other metallurgical industries, and in oil 
refineries for purging catalytic cracking vessels, re-forming vessels and 
pipes. Liquid nitrogen is used as a refrigerant. Large amounts of N 2 are 
used in the manufacture of ammonia and ‘calcium cyanamide. N 2 is 
obtained commercially by condensing air to the liquid state, and then 
fractionally distilling the liquid air. N 2 has a lower boiling point than 0 2 
and distils off first. Six industrial gases are obtained in this way: N 2 , 0 2 , 
Ne. Ar. Kr and Xe. A typical analysis of air is shown in Table 14.3. 

World production of N 2 is growing rapidly and exceeds 60 million 
tonnes/year. (This is largely because liquid 0 2 is essential for 1nodem1 steel 
making processes, and N 2 is produced at the same time.) u 
of the N-. is sold as gas. This may either be compresse in s ee y . . ' 

piped to where it is used. One third is sold as liquid ^ Duutrogen 
obtained in this way always contains traces of^oxygen 
gases. Commercial N 2 normally contains up to ppm o 2 , 2 

contains up to 2 ppm 0 2 , and ultrapure N 2 has no 0 2 but may have up to 

10ppm Ar. , M • , h . laboratory, but samples 

A cylinder of N 2 is the usual s0 “ rce v- um „jt r jte and then warming 
of the gas may be obtained by making an "V . f examp | e with calcium 
«• * is also obtained by oxidizing ammonia, for 
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Tabic 14.3 Abundance of different gases in dry air 


Nj 

o 2 

Ar 

co 2 

Ne 

H 2 

He 

Kr 

Xe 


% by volume 

78.08 
20.95 
0 914 

o!()25-0.050 
0.0015 
0.0010 
0.00052 
0.000 11 
0.0000087 


b.p. of gas (°C) 

-195.8 

-183.1 

-186.0 

~78.4 (sublimes) 

-246.0 

-253.0 

-269.0 

-153.6 

-108.1 


hypochlorite, bromine water or CuO. Small quantities of very pure N 2 may 
be obtained by carefully warming sodium azide NaN 3 to about 300 °C 
Thermal decomposition of NaN 3 is used to inflate the air bags used as 
safety devices in some cars. 


I NH 4 CI + NaNO z -> NaCI + NH 4 N0 2 N 2 + 2H : 0 

4NH, + 3Ca(OCl ) 2 -► 2N 2 -I- 3CaCI 2 + 6H 2 0 
8 NH 3 + 3Br 2 -> N 2 + 6 NH 4 Br 

I ~ KT VT 300°C 

| 2NaN 3 -► 3N 2 + 2Na 

Phosphorus 

Phosphorus is the eleventh most abundant element in the earth s crust, 
osp om is essential for life, both as a structural material in higher 
m 1 j essent ‘ a * metabolism of both plants and animals. About 
“ ' °°[ b ° nes and ' e , e ' h a " Ca,(P0 4 ) 2 or (3(Ca 3 (P0 4 ) 2 ) • CaF,]. and an 

acids ir° n n h M a i 8 b ! (3 5 k8) ° f calcium Phosphate in his body. Nucleic 
These nude VI an ^ contain the genetic material for each cell, 

sucars S / k’" “ P ° f P 0, * ester chains of phosphates and 

I ohorus in theT^ 3 S f S adcnme ' c yfosine, thymine and guanine). Phos- 
phosph'ate.ADP°is*of^ f ?" 05 '" 6 ,ri P hos P ha 'c ATP J adenosine dt- 
I cells When water iv' 8 ""P° rlance f °r the production of energy in 

33kJmo.e-'ofenerg P y is S re a .ease 0 d Pha,e gr ° UP ° ff ATP ' f ° rmmg A ° P 

P hosp S ha a tT 0 r^lc S was Ph .4 S S Pha n S "* ^ in fertilizers World production of 
' SovTt Unir?5%, S and < USA **• ChiM i 

f?Ca fPO 1 i r^P 1 h..» • r 13/o '- Most is mined as fluoroapatite 

raiOm l i ehi ,?T' S f0Und as hydroxyapatite [3Ca,(P0 4 )r ; 

K r. "h f ' Pa "/ e l 3 Ca '( p 0 4 ),■ CaCK) where OH” and Cl' 
are subst.tu.ed for F ,n the crystal structure. About 90% of phosphate 

rock ,s used dtrecly to make fertilizers, and the remainder is used to 
make phosphorus and phosphonc acid. 
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Figure 14.1 Structure of adenosine triphosphate ATP. 

declini!ng P l?fs U obta^n^d e byTheceduct' a * X>U f T m ' lli0n tonnes/year - but is 

electric furnace at 1400- l^OO'C Sand r t “c'a"! P hos P hale wi,h c an 
calcium as a fluid ci / i • - Sand (silica Si0 2 ) is added to remove the 

p O, The P O if C H C,U !T Sll,ca,e) and 10 drive off ,he phosphorus as 

eSousohosf':: ; ed : Ced -° phos P horus by C. A. this temperature 

k u S,llS ° ff - mainly as P ' bu > wilh s °me P, This is 
condensed to white phosphorus P 4 by passing the gas through water. 

2Ca-*(P0 4 ) 2 + 6Si0 2 -► 6CaSiO* + P 4 O m 
P 4 O ut + IOC — P 4 + 10CO 

About 85% of the elemental P produced is used to make very pure 
phosphoric acid H,P0 4 . About 10% is used to make P 4 S I0 (used making 
organo P S compounds) and P 4 S 4 (which is used to make matches). 

P 4 + 50, — P 4 O lo + 6H 2 0 -> 4H 4 P0 4 
P 4 + 10S — P 4 S 10 

Other uses are for making POCK and phosphor bronze. 

Arsenic, antimony and bismuth 

The elements As. Sb and Bi are not very abundant. Their most important 
source is as sulphides occurring as traces in other ores. They are well 
known because they are obtained as metallurgical by-products from roast¬ 
ing sulphide ores in a smelter. Care should be taken since As and Sb 
compounds are poisonous. The colours of the sulphide ores are distinctive. 

Arsenic is obtained as As 2 0 3 in the flue dust from roasting CuS, PbS, 
FeS, CoS and NiS in air. World production of As 2 0, was 47000 tonnes 
in 1992. The oxide may be converted to As by reduction with C. The 
only common ores are arsenopyrites FeAsS (white-grey colour with 
metallic lustre), realgar As 4 S 4 (red-orange colour) and orpiment As 2 S 3 
(yellow colour). The last two are found in volcanic areas. The element As 
is obtained commercially by heating arsenides such as NiAs. NiAs 2 or 
FeAs 2 , or arsenopyrites FeAsS, to about 700 C in the absence of air, when 

the As sublimes out. . , r 

continued overleaf 
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4FeAsS — As 4( g) + *FeS 

•mere are few uses for As metal, but it is used to alloy with lead to make 
the lead harder. Small amounts are used to dope semiconductors and make 
light emitting diodes. Arsenic compounds are generally made from As 2 0,. 
Their main uses, e.g. rat poison, in medicine to kill parasites, and for 
preventing wood rot, arise from their poisonous nature. 

Antimony is obtained as Sb 2 0 3 in the flue dust from roasting ZnS ores, 
mis is easily reduced to the metal with carbon. The most important ore is 
stibnite Sb 2 S 3 (iridescent metal-like needles), me metal is obtained by 

fusing with iron: 

Sb 2 S.i + 3Fe -* 2Sb + 3FeS 

Antimony metal is used in alloys with Sn and Pb. It is also used to electro¬ 
plate steel to prevent rusting. World production of Sb was 84000 tonnes m 
1992 Antimony compounds are used as fire retardants in foam fillings for 

furniture and mattresses. 

Bi,o 3 is obtained from the flue dust from roasting PbS, ZnS and CuS, 
and can be reduced to the metal with carbon. It also occurs as the minerals 
bismuthinite. Bi 2 S 3 and bismite Bi 2 0 3 . Because of its low melting point 
bismuth metal can be cast in much the same way as lead. As, Sb and Bi 
metals are all too brittle to work. Bi is used in low melting alloys. (One use 
of these alloys is as a low melting plug for automatic fire sprinkler systems.) 
OtheTuses are in batteries, bearings, solder and ammunition. World pro¬ 
duction was 3600 tonnes in 1992.__ 


GENERAL PROPERTIES AND STRUCTURES OF THE ELEMENTS 
Nitrogen 

The first element differs from the rest as was the case in the previous 
croups. Thus dinitrogen is a colourless, odourless, tasteless gas which is 
diamagnetic and exists as diatomic molecules N 2 . The other elements 
cnliHs and exist as several allotropic forms. The N 2 molecule contains 


Table 14.4 Melting and boiling points 



Melting point 
(°C) 

Boiling point 
(°C) 

n 2 

—2 ID 

-195.8 

Pj 

44 

281 

a*As 

816* 

615 (sublimes) 

a-Sb 

631 

1587 

a* Bi 

271 

1564 


• At 38.6 atmospheres pressure. 
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a triple bond N=N with a short bond length of i no A tk- ,1 
is very stable, and the dissociation enerpv f« * 109 A. This bond 

(945 4 kJ mol -1 ). Thus N 2 is inert at roof,'" vcr y hi 6 h 

react with Li forming the nitride Li,N. Other isodecrionic JS sucha! 
CO, CN and NO + are much more reactive than N !^ K 

l T“*" P "" y f” 1 *''» N,they are no,. A,clc,.,“d“,cm~ ” 

“I s u"SL'S* 1 "!- “ d *«*—*S, 

from Groups 2,13 and 14, with H 2 and with some of the transition metals 
Active nitrogen can be made by passing ap electric spark through N 2 gas 
at a !ow pressure. Thisforms atomic nitrogen, and the process is associated 
with a yellow-pink afterglow. Active nitrogen will react with a number of 
elements, and breaks many normally stable molecules. 


473 


The nitrogen cycle 

There is a continual turnover of nitrogen between the atmosphere, the soil, 
the sea and living organisms, which is estimated to be between 10® and 10* 
tonnes/year. This is called the nitrogen cycle. Consider the combined 
nitrogen in the soil: this is present as nitrates, nitrites and ammonium 
compounds. Losses of combined nitrogen from the soil occur for several 
reasons: 


1. Plants absorb these compounds, and use them to make protoplasm, in 
order to grow. Plants may be eaten by animals, and animals may eat 
animals. Animals excrete nitrogenous wastes usually as urea or uric 
acid, which is returned to the soil. Death and decay eventually return all 
the nitrogen to the soil. 

2. A group of denitrifying bacteria called Denitrificans convert nitrates 
into N 2 or NH 3 gases, which escape into the atmosphere. (Horse stables 
often smell of ammonia for this reason.) NH 3 is returned to the soil by 
the first rainstorm, but N 2 is not. Examples of denitrifying bacteria 
include Pseudomonas and Achromobacter. 

nitrates —* nitrites —> N0 2 —» N 2 —>► NH 3 


3. A net loss of nitrogen compounds in the soil occurs through the 
drainage of surface water into the sea. There it supports marine plant 

life 

4 There is a small loss of NO and NO, into the atmosphere from the 
burning of plants and coal, and from car exhausts. Though this may be 
unpleasant and produce smog locally, the amounts are small, and the 
nitrogen is returned to the soil when it rams. 

There are net gains to the supply of combined nitrogen in the soil: 

• f. rt rn nitrifvine bacteria which fix N 2 gas and turn it 
1. The largest gain is from mtr y g ^ duces over <*)% Q f the 

nitrates or »™””“ Ippn »tm.iely 175 million lonnes of 

ETK »nn",.“"y baeieria. This may be eompared „i,h 1.0 
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million tonnes of NH 3 produced in 1992 by man (mainly by the Haber 
Bosch process, but some from the distillation of coal). The mo ' 
important genus of bacteria is Rhizobium. These live symbioticallv 
the nodules of roots of plants in the family Leguminosae, j. e . peas n 
beans, clover and alder trees. Other nitrifying bacteria live free in tfo 
soil, for example the blue-green bacteria Anabena and Nostoc aerob^ 
bacteria such as Azotobacter and Beijerinckia , and anaerobic bacterT 
such as Clostridium pastorianum . These bacteria require traces f 
certain transition metals such as Mo, Fe, Co and Cu from the soil, and 
also B. The nitrogen fixing enzyme ‘nitrogenase’ was isolated from 
Clostridium pastorianum in 1960: the same enzyme system is resnon 
sible for nitrogen fixation in the other bacteria too. 

Nitrogenase contains two components. One is a Mo-Fe protem nf 
molecular weight 220000. containing 24-32 Fe, two Mo and a labile 

grou P’ and the other is an Fe protein of molecular weicht 
, containing four Fe and four S. Nitrogenase reduces N 2 to NH 

n" e . 2 ' s ‘bought to form a complex with the Mo-Fe protein 
*ng in N 2 complexes favours end-on coordination to the metal o 
donation from N to the metal is more important than » back bond " 

NH i h H T C, . a *° N ' N,trogenase also reduces N 2 0, RCN and Nr to 
^tue-green bacteria can also fix N 2 , and this is important in growing 

onevear'bvdfff f kilograms of ni,ro gen fixed in one acre of fertile soil in 

10. MotoL U rQxlZ^moT Z ° biUm ^ b ' Ue ' green baC,er,a 

artificiaffertfizer^THa^r-R 1 ' W ,. hiCh “ USCd VaSt quanli,ics as an 

N 2 and to make Kiu ® osc ^ process is used to fix atmospheric 

HNO, Reactino mm and ! he ° stwald process is used to convert NH* to 

3. Relativelvsmalf , ’ HN °’ gives NH.NO,. 

NaNOi which k mo “ nts 001,16 from deposits such as Chile saltpetre 

4. Minorca^ T* and USed as ^lizer. 

changes. Liehtrd^ 01 ” e ^ ects °f 1'ghtning, and from photochemical 

N0 2 . This is essem ,a3 |i CaUSC -^ 2 and ' n a ' r to f° riT1 NO and 
process. The strono I iv ^ t0 °^ s °l ete Birkeland-Eyde 

similar photochemical h* ,at, ° n In the uppcr atm °sphere may cause 
formed * givin * oxides of nitrogen. The N0 2 

3 vcr * dd «te solution of HNO, in rain water. 

Phosphorus 

Phosphorus is solid at room . 

and reactive. It reacts with "\ p f ra,ure - White phosphorus is soft, waxy 
sconce). It ignites spontanen.^ and gives out Hght (chemilumine- 
water to prevent Is "ms 31 aboul 35 ’<=. a " d is stored under 

molecules, and the tetrahedral stn t tQX * c * ** ex >sts as tetrahedral Pj 
states. Above 800 °C P, molemiRc Ur ? emains in the liquid and gaseous 

m the gas begin to dissociate into P 2 



Figure 14.2 The structure of black DhosDhomc . 

corrugated planes in crystalline black phosphorus (V^n /r *£. ang l d 

and Its Compounds. Vol.l, Interscience. New York - London.' 1958.' 


molecules, which have a bond energy of 489.6kJ mol" 1 . (This is only half 
the value for N 2 because the orbitals in the third shell are much larger and 
give relatively poor pn-pn overlap.) If white phosphorus is heated to 
about 250 °C, or a lower temperature in the presence of sunlight, then red 
phosphorus is formed. This is a polymeric solid, which is much less reactive 
than white phosphorus. It is stable in air and does not ignite unless it is 
heated to 400 °C. It need not be stored under water. It is insoluble in 
organic solvents. Heating white phosphorus under high pressure results in 
a highly polymerized form of P called black phosphorus. This is‘thermo¬ 
dynamically the most stable allotrope. It is inert and has a layer structure 
(Figure 14.2). Other more doubtful allotropes have been reported. 


Arsenic, antimony and bismuth 

Solid As, Sb and Bi each exist in several allotropic forms. Arsenic vapour 
contains tetrahedral AS 4 molecules. A reactive yellow form of the solid 
resembles white phosphorus and is thought to contain tetrahedral AS 4 
units. Sb also has a yellow form. All three elements have much less reactive 
metallic or ct-forms. These have layer structures, but the layers are 


Table 14.5 Radii, ionization energies and electronegativity 


Covalent 

radius 


Ionization energies 

(kJmor 1 ) 


Pauling’s 

electronegativity 
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puckered. Another a I lot rope of Sb that is formed at high pressure has 
hexagonal close-packed structure. A high pressure form of Bi has a bod 3 
centred cubic structure. Bismuth is unusual because the liquid expand 
when it forms the solid. This unusual behaviour is also found with p S 
and Ge. a 



Figure 14.3 Layer structure of bismuth. 


BOND TYPE 


The majority of compounds formed by this group are covalent. 


Outer electronic structure 
of Group 15 element 


0 


- 1 - 

hree unpaired electrons form a bonds with three other atoms 
lour electron pairs give a tetrahedral shape with one position 
occupied by a lone pair 


l C H°?^ na,i ° n nUn l ber ° f 4 ' S ob,ained if ‘he lone pair is donated (that is 

a mmnni f0rm a C m rd ' na,e b ° nd) to ano *her atom or ion. An example is the 
ammonium ton |H,N -► H] + (Figure 14 4) 


• • 



It requires loo much enersv to 

ions are not formed. However Sb and r* fiVC ° U,Cr elec,rons 50 M 

• er< bb and Bl can lose just three electrons. 






CHARACTER 


forming M ,+ ions, but the ionization enerev i. u; . , 
elements to do so. Both SbF, and BiF, exi« « •' • h,gh for ,he 0,her 
are no. very stab.e in solution. They £ exist “ X ** M " ions 
but are rapidly hydrolysed in water to give the y * tron8acidsolu,,ons - 
bismuth oxide ion SbO* and BiO\ This ch a „„» n,lmon y oxide ion or 
5 M HCI. n ^ e ,s reverse d by adding 


Bi ^ [BiOl* 

HCI 

BiCU + H : 0 ^ BiOCI + 2 


HCI 


Nitrogen atoms may gain three electrons and so attain a noble gas 
configuration, forming ionic nitrides containing the N 3 " ion. .It takes 
2125 kJ mol 1 of energy to form N 3 ~. Thus ioni c nitrides are formed only 
by metals which have low ionization energies and can form nitrides with 
high lattice energies (U 3 N, Be 3 N 2 , Mg 3 N 2 , Ca 3 N 2 ). Though compounds 
such as Na 3 P and Na 3 Bi are known, these are not ionic. 

Nitrogen cannot extend its coordination number beyond 4 because there 
are only four orbitals available in the second shell of electrons. Thus 
nitrogen cannot form complexes by accepting electron pairs from other 
ligands, but the subsequent elements can form such complexes. Thus the 
other elements may have coordination numbers of 5 or 6 as, for example, 
in PCI 5 gas and [PCI*]". The formation of complexes may be explained 
by involving one or two d orbitals in bonding. Thus sp 3 d or sp 3 d 2 
hybridization may occur. The 3 d orbitals of an isolated phosphorus atom 
are much larger than the 3s and 3 p orbitals. This might at first sight suggest 
that the use of the 3 d orbitals for bonding is improbable. However, when 
electronegative ligands are placed round the phosphorus atom, the 3 d 
orbitals contract to nearly the same size as the 3s and 3 p orbitals. (The 
extent of d orbital participation in a bonding is controversial and is 

discussed in Chapter 4.) 

Nitrogen also differs from the other elements in that it can form strong 
pit-pit multiple bonds. Because of this it forms several compounds which 
have no counterparts in the other elements. These inc u e nitrates j . 
nitrites NOJ, azides Nf. dinitrogen N 2 , oxides of nitrogen N 2 0, NO, 
N0 2i N 2 0«, cyanides CN", and azo and diazo compounds. Becaus * 
gen can form multiple bonds, the oxides N 2 0 3 and N,0 5 are monome , 
whilst the trioxides and pentoxides of the other elements are dimenc. 

METALLIC AND NON-METALLIC CHARACTER 
Group 15 shows the usual trend that 

pending the group. Thus N and P are non H ^ ^ # ^ meta , The 
loids, which show many metallic propert ♦ „ rtU/ : njr 
increasing metallic character is shown by t e o 
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1. In the appearance and structures of the elements. 

2. By their tendency to form positive ions. 

3. By the nature of their oxides. Metallic oxides are typically basic 
non-metallic oxides are acidic. Thus the normal oxides of N and 
strongly acidic, whereas those of As and Sb are amphoteric and th 
Bi is largely basic. 

4 . The electrical resistivity of the metallic forms (a-As 33, a-Sb 39 

a-Bi 106pohm cm) are much lower than for white phosphorus (\* 
10 17 pohm cm), indicating an increase in metallic properties. Hovvcv * 
the resistivity values are higher than the values for a good conduT 
such as Cu, 1.67pohmcm, and higher than Sn, 11, and Pb, 20^ohm C ° r 
in the adjacent group. (See Appendix J.) Crn ’ 


REACTIVITY 

* I 

Dinitrogen is relatively unreactive, which is why it has accumulaied in 
such large amounts in the atmosphere. n 

White phosphorus catches fire when exposed to air, burning to form 
P 4 O l0 . It is stored under water to prevent this. Red phosphorus is stable in 
air at room temperature, though it reacts on heating 

Arsenic is stable in dry air but tarnishes in moist air, giving first a bronze 
then a black tarnish. When heated in air it sublimes at 615°C and forms 
As 4 0 6 . not As 4 0,«. Strong heating in dioxygen can give either of these 
oxides dependmg on the amount of dioxygen present. This reluctance to 
attain the maximum oxidation state for the group is found in the elements 

Of f’ht fi S ? !, K , r ,’ ,h A at "‘ n the e,emems 1 ^mediately following the filling 
£££ 10 and H3As ° 4 are uscd as oxidizing agen,s 

t! b Jl! eX n aC u ive ’. and iS S,able ,owards wate r and to air at room 

BXoT;'„?„g " g " *” ” ,or “ Sb <°* Sb -°.» Bi r.« 


hydrides 

poisonoust n fou a *sirw™ng°gases 0^* ° f H f ° rmula MH J’ which are 

BiH 3 : ® ® descending the group from NHj 

1. The hydrides become increasingly difficult to 

2. Their stability decreases. 8 Y ' 1 pre P are 

3. Their reducing power increases. 

Me decrease's PlaClng hydrogen a,oms by other groups such as Cl 
for coordinate 0 ^ '° ne pa ' r ° f e ‘ eC,r ° 




Ammonia NH 3 

NH, is a colourless gas with a pungent odour. The gas is quite poisonous It 
dissolves very readily in water with the evolution of heat. At 20 °C and one 
atmosphere pressure 53.1 g NH, dissolves in 100 g water. This corresponds 
to 702 volumes of NH, dissolving in 1 volume of H 2 0. In solution amEZ 
forms ammonium hydroxide NH 4 OH, and behaves as a weak base 

NH 3 + H 2 0 ^ NH^ + OH” K - 1.8 x H^moU ” 1 

NH 3 and NH 4 OH both react with acids, forming ammonium salts. These 
salts resemble potassium salts in solubility and in their crystal structures 
Like the Group 1 salts, ammonium salts are typically colourless. There are 
some differences. Ammonium salts are usually slightly acidic if they have 
been formed with strong acids such as HN0 3 , HCI and H 2 S0 4 , since 
NH 4 OH is only a weak base. Ammonium salts decompose quite readily on 
heating. If the anion is not particularly oxidizing (e.g. Cl~, CO^" or SOj") 
then ammonia is evolved: 


NH 4 CI 


NH 3 + HCI 


(NH 4 ) 2 S0 4 -^ 2NH 3 + H 2 S0 4 

If the anion is more oxidizing (e.g. N0 2 , N0 3 , C10 4 , Cr 2 0 2 ) then NH^ 
is oxidized to N 2 or N 2 0. 

-ill 0 

NH 4 N0 2 N 2 + 2H 2 0 


NH 4 N0 3 ^ N 2 0 + 2H 2 0 

(NH 4 ) 2 Cr 2 0 7 ^ N 2 + 4H 2 0 + Cr 2 0, 

NH, bums in dioxygen with a pale yellow flame: 

4NH, + 30 2 - 2 N 2 + 3H 2 0 

The same reaction occurs in air. but the heat of reaction is insufficient to 
maintain combustion unless heat is supplied, for example in a gas flame. 
Certain mixtures of NH,/0 2 and NH,.'air are exp osive. 

NH, is prepared in the laboratory by heating an ammonium salt with 
NaOH. This is a standard test in the laboratory for NH 4 compounds. 

NH 4 CI + NaOH -*■ NaCI + NH, + H 2 0 
The NH, evolved may be detected: 

1. By its characteristic smell. 

2. By turning moist litmus paper blue. 

3. By forming denw white clouds of NH 4 U wnn me rr 

. *?C1. „ A nreciDitate with Nessler’ssolution. 

4. By forming a yellow-orange-brown pre p 
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World production of NH 3 was 110 million tonnes in 1992. Most was 
manufactured synthetically from H 2 and N 2 by the Haber-Bosch process 
(see later) but some was obtained from coal gas purification and during 
coke production from coal. Ammonia can also be obtained from the 
hydrolysis of calcium cyanamide, CaNCN. Calcium cyanamide is usually 
used as a fertilizer, and this reaction occurs slowly in the soil. y 

CaNCN + 3H 2 0 -> 2NH 3 + CaC0 3 

(CaNCN is also used to make melamine, urea and thiourea - See Chapter 
11.) In the past when town gas was made as a fuel by dry distilling coal i n 
the absence of air, any nitrogenous compounds in coal were converted into 
NHv This NH 3 was obtained as a by-product. 


Ammonium salts 

Ammonium salts are all very soluble in water. They all react with NaOH 
liberating NH 3 . The NH 4 ion is tetrahedral. Several ammonium salts are 
important. 

NH4CI is well known. At one time it was obtained by heating camel 
dung: NH4CI is easily purified by sublimation! It can be recovered as a 
by-product from the Solvay process. It is used in ‘dry batteries’ of the 
Leclanchd type. It is also used as a flux when tinning or soldering metals, 

since many metal oxides react with NH 4 CI, forming volatile chlorides, thus 
leaving a clean metal surface. 

NH 4 NO 3 is used in enormous amounts as a nitrogenous fertilizer. It is 
deliquescent. fJeeause it can cause explosions it is often mixed with CaCO, 

u 2 • 4 ,0 ma * ce '* sa ^ e - I* is also used as an explosive, since on 
,i "L eat ' n 8 (above 300"C), or with a detonator, very rapid decomposi- 

| CUr , c so id has almost zero volume and it produces seven 
volumes of gas: this causes the explosion: 


2NH 4 NO, -► 2N 2 + 0 2 + 4H 2 Q 


(NH 4 ) 2 ^D 3 waroh^r^ are a,so used as a fertilizer. At one 

from m .km e . 

•km, « C»SO. ^ NH, «»d CO, g«> 

* H >° - (nh.), c °, 

4 2 3 * CaS ° 4 CaC0 3 + (NH 4 ) 2 S0 4 

Small amounts of Hj 

ammonium dihydroeen^h^'u " 1 hydro 8 en Phosphate (NH 4 ) 2 HP 0 

are also used Jr are used as fertilizers 

an oxidizing agenrin solid fuel r V PapCf and textiles * NH 4 C, ° 4is u 

rockct propellants. 
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phosphine PHj 

phosphine PH, is a colourless and extreme^ 
slightly of garlic or bad fish. It is highly reactive *1 1 k 8 ?’ Wh ' Ch SmellS 

hydrolysing metal phosphides such as Na,P or Ca £ v f ° rmed either ^ 
hydrolysing white phosphorus with NaOH solution ' Watef ’ ° f Y 

Ca,P 2 + 6 HjO - 2PH, + 3Ca(OH ) 2 
P * + 3NaOH + 3H 2 0 _ PH, + 3NaH 2 P0 2 

PH,’ “ n J' ke NH '- » soluble in water: aqueous solutions are 

neutral. It is.more soluble in CS 2 and other organic solvents. Phosphonium 
salts such as [PH 4 ] Cl can be formed, but require PH, and anhydrous 
HC1 (in contrast to the ready formation of NH 4 X in aqueous solution). 
Pure PH 3 is stable in air, but it catches fire when heated to about 150°C. 

PH, + 20 2 H 3 PO 4 


PH, frequently contains traces of diphosphine P 2 H 6 which cause it to catch 
fire spontaneously. This is the origin of the flickering light called will-o’- 
the-wisp, which is sometimes seen in marshes. 


Arsine ASH3, stibine SbH 3 and bismuthine BiH 3 

The bond energy (Table 14.6) and the stability of the hydrides both 
decrease on descending the group. Consequently, arsine AsH 3 , stibine 
SbH, and bismuthine BiH, are only obtained in small amounts. AsH 3 and 
SbH, are both very poisonous gases. AsH,, SbH, and BiH 3 can be 
prepared by hydrolysing binary metal compounds such as Zn,As 2 , Mg,Sb 2 
or Mg,Bi 2 with water or dilute acid. AsH, and SbH, are formed in Marsh’s 
test for As and Sb compounds. Before the use of instruments for analysis, 
this test was used as a forensic test. Practically all As or Sb compounds 
can be reduced with Zn and acid, forming AsH, or SbH,. The gaseous 
hydrides are passed through a glass tube heated with a Bunsen burner. 
SbH, is less stable than AsH,: hence it decomposes before passing through 
the flame, and gives a metallic mirror on the glass tube. AsH, is more 
stable, and requires stronger heating to make it decompose. Thus AsH, 

gives a mirror after the flame. 


Structure of the hydrides 

The structure of ammonia may e,ther b * ^paMRgure^^). ibis 

since there are four electron 
shape is predicted using the bonding pa irs and one lone 

pairs in the outer shell. These comp of electrons always 

pair. The repulsion between a lone P ^ ^ angles are re duced 

exceeds that between two bond p • tetra hedral shape is slightly 
from 109°27' to 107-48'. and the regular tetraheor 


distorted. 
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Electronic structure of 
nitrogen atom - ground 
state 

Nitrogen having gained a 
share in three electrons 
from three hydrogen 
atoms in NH S molecule 


la 2* 2p 


0 0 G 

t t 

@ @ E 

i u u 



four orbitals in the outer shell 
(three bond pairs and one lone pair) 
tetrahedral arrangement with one 
position occupied by a lone pair 


The hydrides PH 3 , AsH 3 and SbB 3 would be expected to be similar 
However, the bond pairs of electrons are much further away from th 
central atom than they are in NH 3 . Thus the lone pair causes even greater 
distortion in PH 3 , AsH 3 and SbH 3 . The bond angle decreases to 9 i°ig' 
(Table 14.6). These bond angles suggest that in PH 3 , AsH 3l SbH 3 and 
BiH 3 the orbitals used for bonding are close to pure p orbitals. 

The melting and boiling points of the hydrides increase from PH 
through AsH 3 to SbH 3 . The values for NH 3 seem out of line with this 
trend: one might have expected the boiling point of NH 3 to be -110°C or 
-120°C. The reason why NH 3 has a higher boiling point and is much less 
volatile than expected is that it is hydrogen bonded in the liquid state. The 
other hydrides d q not form hydrogen bonds. 

These hydrides are strong reducing agents and react with solutions of 
metal ions to give phosphides, arsenides and stibnides. They are flammable 
and extremely poisonous. 


Table 14.6 Some properties of the hydrides 



m.p. 

(°C) 

b.p. 

(°C) 

Bond energy 
(kJ mol -1 ) 

Bond angle 

Bond length 

(A) 

nh 3 

-77.8 

-34.5 

N-H = 389 

H-N-H = lu/°48' 

1.017 

ph 3 

-133.5 

-87.5 

P-H = 318 

H-P-H = 93°36' 

1.419 

AsH 3 

-116.3 

-62.4 

As-H = 247 

H-As-H = 91°48' 

1.519 

SbH 3 

-88 

-18.4 

Sb-H = 255 

H-Sb-H = 91°18' 

1.707 


Donor properties 

NH 3 can donate its lone pair of electrons quite strongly to form complexes, 
nius ammonia forms ammonium NH 4 salts, and also coordination 
complexes with metal ions from the Co, Ni, Cu and Zn groups, for 
example the [Co(NH 3 ) 6 ] 3 * ion, very readily. 

IP r 5 * do 3 ? a r^. eI ff tr ° n ^ onor an< * forms numerous complexes such as 
l 3 «- PHjJ, (CljAl «- PHjJ and (Cr(CO) 3 (PH 3 ) 3 ). A variety of other 




HYDRIDES 


trivalent phosphorus compounds such as PF, PCI, PFt a 

■'» m S^1 s«2S5|J 

CO. Tiros «he lone pm on P 1S used to form the coordinate frond to an 
emp ,y orbital on the B or metal (a a bond). In the case of metals, this 
original coordinate bond may be reinforced by back bonding from it 
overlap of a filled d orbital on the metal with an empty d orbital on P 

The donor properties of the other hydrides are very weak, and they have 
little or no tendency to form coordinate bonds. 

In NH 3 the lone pair occupies an sp 3 hybrid orbital. In AsH 3 and SbH 3 
the bond angles become close to 90° which suggests that the orbitals used 
for M H bonding are almost pure p orbitals. If the three.p orbitals are 
used for M—H bonding, the lone pair must occupy a spherical s orbital. 
This is larger, and less directional, and hence less effective for forming 
a coordinate bond. This means that any o bond will be very weak. In 
addition the 4 d and 5 d orbitals arc too large for effective ji back bonding. 
These two factors account for the difference in complexing power between 
the hydrides. 

Nitrogen forms several hydrides (see Table 14.7). 

Table 14.7 Hydrides of nitrogen 


Formula 


Name 


Oxidation state 


nh 3 

Ammonia 

-III 

n 2 h 4 

Hydrazine 

-II 

nh 2 oh 

Hydroxylamine 

-I 


Hydrazine N 2 H* , 

Hvdrazine is a covalent liquid, which fumes in air, and siticlls similar 
NH 3 . Pure hydrazine burns readily in air with the evoluiion of a la, 

amount of heat. 

N J(g , + 2H 2 0 AH - -621 kJ mol" 


n 2 h 4( „ + o 


2(g) 


series of salts, 
in water. 


The methvl derivatives MeNHNH, and Me 2 NNH 2 are miked with N 2 0 4 
and used as a rocket fuel in the space shuttle, in guide^ missiles, an 

(earlier) in the Apollo lunar modules . tw0 

N,H is a weak base and reacts with acids, forming two 

The Mlts are white ionic crystalline solids, and are soluble 

n 2 h 4 + hx - N 2 H? + X- 
N 2 H 4 + 2HX - N,HT + 2X ' 

/• or basic solutions) hydrazine or its 

When dissolved in water (in n usec ) t0 produce silver and 

salts are powerful reducing agents. - latjnum metals. Hydrazine also 
copper mirrors and to precipita P 

reduces I 2 and O 2 . 
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N 2 H 4 + 2lj — 4HI + N 2 
NjH 4 + 20j — 2HjO, + N 2 
N : H 4 + 2CuS0 4 -♦ Cu + N 2 + 2H 2 S0 4 

In acidic solutions, hydrazine usually behaves as a mild redur' 
though powerful reducing agents can reduce hM-L to nh „. ln ® agen t, 
N 2 H 4 to be oxildized. < 10 thus cau sj(lg 


N 2 H 4 + Zn + 2HC! 2NH, + ZnCl 2 

(“III) 


Hydrazine m ay act as an electron donor. The N atoms have a i„ 
J 1 '?™ wl " ch fo ™ “»"«"*« tad, ,0 meal i„„, such!" S'™ 

1 rsr" M ~ 

producing blown plastics), as agricultural chemirak j Wm ® a ® enls (for 
feed water in ,power stations T** 

In the laboratory phenylhydrazine is used to ehar/,^ b °‘ er and P ipes - 
pounds and sugars by fo rm ,n E crvs. a ^e H rlZe Carbon - vl com ' 

Osazones can i be identified bv miern^rn cuvatives called osazones. 

CT > s,als - « W ~*in 8 X^“SK" m “ ,IOn “* *«* »"*• 


CH 2 • OH 


CH 2 • OH 


(CH OH), 


(CH OH) 


CH OH 
CHO 

glucose l 


CH OH 


+ H £~ NHC * H < CH==N—NHC H + h n 

phcnylhydra/me , + H 2 0 

glucose phenylhydrazone 
(an ouzone) 


U , I (an ouzone) 

ammonia is ox idized by sodiu^hvn ^1 Raschig P rocess ' in which 
I V ° d,Um l, yP oc hloriie in dilute aqueous solution: 

+ NaOCI NH:CI + NaOH (fast) 

;!MH, * NHjCI - nh.NH, * NH.Cl (,|o!) 

of the prodiiictj. mine and hydrazine may destroy some or all 

Th- • I I N ‘ ,H4 + 2NH ’ CI - N = + 2 NH 4 CI 
This reaction 1 s catalysed bv ho- 

reason distillled water is used (r^,t mcla ' lons present in solution. For this 

■s added to mask (i. e . complex wiihi'lT ‘ ap Wa,er >- and glue or gela,i " 
of excess of ammonia reduces th#* * . rema ' n mg metal ions. The use 
hydrazine. The use of a dilute so /^ 1 CnCe c ^* oram ' ne reacting with 
minimize ainot her side reaction' U 100 reac,an ts is necessary to 

3NHiCI + 2NH m 

N 2 + 3N H4CI 


hydrides 


The modern industrial process runs continuously rather than as a batch 
process. A dilute aqueous solution containing a 30-1 ratio of NH 4 OH and 
MaOC! and gelatin is passed rapidly at high pressure through a reactor at 

150 C P > " VerS ' 0n “ “*>“* 600/0 ■ and a 0.5% solution of hydrazine is 
obtained. The excess NH, is stripped off and recycled. The hydrazine is 
concentrated by distillation yielding N 2 H 4 • H 2 0, or by adding H 2 S0 4 to 
precipitate the salt N 2 H 4 • H 2 S0 4 . 

Electron diffraction and infrared data indicate that the structure of 
hydrazine is related to that of ethane. Each N atom is tetrahedrally 
surrounded by one N, two H and a lone pair. The two halves of the 
molecule are rotated 95 about the N—N bond and adopt a gauche (non- 
eclipsed) conformation. The N—N bond length is 1.45 A. 

Phosphorus forms an unstable hydride P 2 H 4 , which has very little 
chemical similarity to N 2 H 4 . 


485 


H 

\ / 

: —N—N—H 

/ \ 

H H 


Hydroxylamine NH 2 OH 

Hydroxylamine forms colourless crystals that melt at 33 °C. It is thermally 
unstable and decomposes into NH 3 , N 2 , HN0 2 and N 2 0 easily. It explodes 
if heated strongly. It is usually handled in aqueous solution, or as one of its 
salts, since these are more stable than free NH 2 OH. 

Hydroxylamine is a weaker base than is ammonia or hydrazine. Salts 
contain the hydroxylammonium ion [NH 3 OH] + . 

NH 2 OH + HCI - [NH 3 OHpcr 
NH 2 OH + h 2 so 4 -> [NH 3 0H) + HS0 4 

The appropriate reduction potentials (see page 490) suggest that hy¬ 
droxylamine should disproportionate. It disproportionates slowly in acidic 
solutions: 


-i +i -hi 

4 (NH 2 OH • HJ* -► N 2 0 + 2NH| + 2H+ + 3H,0 


and rapidly in alkaline solutions: 

_i « -hi 

3 NH 2 OH N 2 + NH, + 3H 2 0 

Both NH 2 OH and its salts are very poisonous, and they are also strong 

reducing agents. . 

Hydroxylamine is manufactured by reducing nitrites, or rom mtro- 

methane: 

NH 4 NO> + NH 4 HSO 3 + S0 2 + 2H 2 0—► (NH 3 0H)*HS0 4 + (nh 4 ) 2 so 4 

ch 3 no 2 + H 2 so 4 -+ [NH 3 0 H]"HS 0 4 + CO 

Hydroxylamine has donor properties (like NH, and N 2 H 4 ): the N atom can 
form coordinate bonds, and can complex with metals. In addition it adds 
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d«»bk b«Kb in o,^.k »" d ,b “ “ e “» 

o, ;H^rr,s r's'v.ni..-»«*. ***»«» 

” tonverirf to nnprolnctnn. and than polymenad ,« |ivt 

nylon-6. 



Cyclohexanone 


Cyclohexanone 

oxime 


Figure 14.5 Nylon-6. 


.0 

Or 

N CH, 


Caprolactam 


CO-i NH-lCHjlj-CO^—NH- 
Nylon 6 


LIQUID AMMONIA AS A SOLVENT 

Ammonia gas is easily condensed (boiling point -33°C) to give liquid 
ammonia. Liquid ammonia is the most studied non-aqueous solvent and it 
resembles the aqueous system quite closely. Liquid ammonia, like water, 
will dissolve a wide variety of salts. Both water and ammonia undergo self¬ 
ionization: 

2H 2 0 ^ H 3 0 + + OH" 

2 NHj ^ nh; + NH 2 

Thus, substances which produce H 3 0 + ions in water are acids, and 
ammonium salts are acids in liquid ammonia. Similarly, substances pro¬ 
ducing OH in water or NH 2 in liquid ammonia are bases in that solvent. 

Thus acid-base neutralization reactions occur in both solvents, and 
phenolphthalein may be used to detect the end point in either: 

+ NaOH -♦ NaCI + H 2 0 (in water) 

* c,d salt solvent 

NH 4 C1 + NaNH 2 NaCI + 2NH, (in ammonia) 

In a similar way, precipitation reactions occur in both solvents. 
However, the direction of the reaction is a function of the solvent: 

(NH 4 ) 2 S + Cu 2 - 2NH; + CujS i (in water) 

(NH 4 ) 2 S + Cu 2+ _ 2NH; + Cu 2 S l (in ammonia) 

BaCI 2 + 2AgNO, - Ba(N0 3 ) 2 + 2AgCI i (i„ water) 
Ba(NQ 3 ) 2 + 2AgCI -. BaCI 2 i + 2AgNQ 3 (in ammonia) 




m 


, 


Amphoteric behaviour is observed in both solvents; for example 


fia 


• id j 
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Z n(OH) 2 is amphoteric in water and Zn(NH 2 ) 2 is amphoteric 


in ammonia: 


excess 

Zn 2+ + NaOH -► Zn(OH) 2 + NaOH 

insoluble 


Na 2 (Zn(OH) 4 ] 

soluble 


(in water) 


excess 

zn + + KN “ 2 Z S )2 + KN ” 2 - K 2 (Zn(NH 2 ) 4 ] (in ammonia) 

soluble 

Liquid ammonia is an extremely good solvent for the alkali metals and 
the heavier Group 2 metals Ca, Sr and Ba. The metals are very soluble 
and solutions in liquid ammonia have a conductivity comparable to that of 
pure metals. The ammonia solvates the metal ions, but is resistant to 
reduction by the free electrons. These solutions of metals in liquid 
ammonia are very good reducing agents because of the presence of free 
electrons. 


v . liquid ammonia r% . __ 

Na —-> [Na(NH 3 ) n ]+ + e 

Solutions of ammonium salts in liquid ammonia are used to clean the 
cooling systems in some nuclear reactors. Liquid sodium is used to cool fast 
breeder nuclear reactors, such as that at Dounreay in Scotland. Liquid 
ammonia is a good solvent for metals, but the surfaces are left wet with 
NH 3 . When this evaporates it may leave a trace of finely divided sodium 
which is pyrophoric. Thus it is necessary to destroy the sodium by using an 
acid such as an ammonium salt in liquid ammonia. 


2NH 4 Br + 2Na-^—^ 2NaBr + H 2 + 2NH 3 

Because liquid ammonia accepts protons readily, it enhances the 
ionization of so-called weak acids such as acetic acid. 

CH 3 COOH ^ CHj -COO- + H + 

The NHj removes H + and thus causes the reaction 

forward direction. Thus acetic acid has a pK. va ue °. "J re Hnces the 
almost completely ionized in liquid ammonia. Ammonia on : a j, ^iied 
difference between the strengths of acids. In this re *Pf 
a levelling solvent (see Chapter 8 , under Act s an 


HYDROGEN AZIDE AND THE AZIDES 

. n~A hvdrazoic acid) is a colourless liquid 
Hydrogen azide HN 3 (formerly call y jrr itating odour. Both the 

b.p. 37 «C. which is highly P 0,s °"°“* * d wuh " violent shock, 
liquid and the gas explode on heati g 

2HN 3 -> H 2 + 3N 2 

1 t on but should be treated with 

HN 3 is slightly more stable in aqueous so 11 , 2 5) , t behaves as a 

care. It dissociates slightly in aqueous reacts with electropositive 

weak acid, of similar strength to acetic acid. It 
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metals, forming salts called azides, but unlike other acid + metal 
no hydrogen is evolved. rcac, 'ons, 

6HN, + 4Li -♦ 4LiNj + 2NH, + 2N, 

lithium azide 


Covalent azides are used as detonators and explosives. Ionic 
usually much more stable, and some are used as organic interm !! Z,des are 
dyestuffs. e ,ates and 

The most important method of making azides is by passin£ nifro 
gas into fused sodamide at 190°C under anhydrous conditions Th *°* ide 
vapour produced reacts with more sodamide. Alternatively nit ^ Waler 
can be passed into a solution of sodamide in liquid ammonia a / 0US ° Xlde 


N 2 0 + NaNH 2 -> NaN, + H 2 0 
H 2 Q + NaNH 2 -» NH 3 + NaOH 

N 2 0 + 2NaNH 2 NaN 3 + NH 3 -f NaOH 


I He sodium azide so obtained may be convened to 

treaim.nl »,fo H.SO. followed by db,illation. Lead Jkf&S I* 

KTpLT,' 0,so< ‘ i “ ra •*“ -«■ ■**-* fis 

Pb(N°,) 2 Pb(N,)j is sensitive to shock and is used as a detonator ml, , 
a high explosive charge. It is particularly reliable, and works eS In d 
conditions. Numerous other metal azides are known. 3mp 

Cyanuric triazide is a powerful explosive (Figure 14.6), 



Figure 14.6 Structure of cyanuric tnazide. 


forms the extY' s cons, dered as a pseudohalide ion (see Chapter 16). It 
chlorazide CIN h * UnS * able and ex Pl«sive compounds fluorazide FN,. 
is ill " br0ma2 ' dC BrN ’ and iod “‘ d * IN,, bu, the dimer N,-N, 

Analysis of N 3 is by reduction with H^S. 


NaN, + H 2 S + H 2 0 - NH< + N, + S 


+ NaOH 


io^iil--- 6 ZT elec,r ° ns and is ' soelec, ronic with CO,. The Nf 

bonds Farh nf ,h N , as IS COj - Four e| ectrons are used for the two o 

This leaver ia _ Urn a ' oms bas one n °n-bonding pair of electrons. 

6 4 (2 x 2) = 8 electrons for tt bonding. If the bonding 


and non-bonding electrons are assumed to occunv , 
this leaves six atomic orbitals for n bondinc Th« h 2f>1 orbl,als ’ 

three 2 p. AOs. The three 2 Pv orb.talstm thre 7 Zl ? ^ A ? S a " d 

orbitals. The lowest MO in energy is bondins * molecular 

and the remaining MO is non-bondine In «; i l8heS ’ IS an,,bondln 8- 
atomic orbitals give bonding non bondi- * V* y ,he ,hree 2 P* 
eight n electrons fill both of the bonding MOs and bother",t" 8 The 

MO, Thus there is a total of two a and two « bonds 
an d a bond order of 2. Both N-N bonds are the same length ! 16 A 
The hydrogen az.de molecule has a bent structure. The addition o?,he 
extra electron from H means that one electron must now occup an 
antibonding MO, and hence the two N-N bond lengths are different 

H 


N--N-N 

1.24 A 1.13 A 


The bond angle H—N—N is 112°, and the two N—N bonds are of 
significantly different lengths, and the bond orders are probably 1.5 and 2 
respectively. 


FERTILIZERS 

Plant fertilizers normally contain three main ingredients: 

1. Nitrogen in a combined form (commonly as ammonium nitrate, other 
ammonium salts or nitrates, or as urea). Nitrogen is essential for plant 
growth, particularly of leaves, since it is a constituent of amino acids 
and proteins, which must be made to make new cells. 

2. Phosphorus for root growth, usually as a slightly soluble form of 
phosphate such as ‘superphosphate' or ‘triple superphosphate’. These 
are made from phosphate rocks such as fluoroapatite [3Ca-*(P0 4 ) 2 • 
CaF 2 ] which are mined. Basic slag, which is a by-product from the 
steel industry, is also used as a phosphate fertilizer. 

3. Potassium ions for flowering, often provided as K 2 S0 4 . 


NITROGEN FIXATION 

There is a large amount of N 2 gas in the atmosphere, but plants are unable 
to utilize this because N 2 gas is so stable and unreactive. Fertile soil 
contains combined nitrogen, mainly in the form of nitrates, nitrites, 
ammonium salts or urea CO(NH 2 ) 2 - These compounds are absorbed fr 0 ” 1 
the soil water by the roots of the plants. This reduces the fertility of the 
soil, though much of the nitrogen is eventually returned to the soil due to 
death and decay of the plants. It has long been known that using a plot of 
land to grow different crops in rotation gives a better yield than growing 
the same crop repeatedly. Furthermore, growing clover one year great y 
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cyanobacteria'can C ° rn the f °N°wing year. A few species of bacteria and 
imo combined feJ^lSTSSertilmT" 1 ' ,h “ “ ?” N ‘«“ 

issxzzf 

nodules on the ° / Called Rhizobium. It lives symbiotically in the 

w i 6 °* ^* ants * n * be family Leguminosae, e.g. peas, 

beans, clover and alder trees. Other bacteria exist in the soil near roots, 

cycle^) C 3 S ° ^ C t0 fiX dmitrogen ’ but in smaller amounts (see ‘Nitrogen 

Though plants require nitrates, bacteria in the soil will readily convert 
other nitrogenous compounds in\o nitrates. 


Nitrosomonas 

KI 14 + and NtUobacter Ntlrobacter 

^"4---► N0 2 --> NOJ 


Chemical processes involving the fixation of atmospheric dinitrogen 
include the Haber-Bosch process for ammonia, and the .formation of 
calcium cyanamide, which both involve the use of high temperatures and 
pressure. Bacteria can fix dinitrogen easily at room temperature and atmos¬ 
pheric pressure, yet man requires expensive plant with high temperatures 
and pressures to do the same. 

There is considerable research interest into finding transition metal 
catalysed systems which will absorb dinitrogen and produce ammonia for 
fertilizers cheaply and without the necessity for high temperatures or pres¬ 
sure. The first dinitrogen complex, the pentaammine(dinitrogen)ruthenium 
cation, was made in 1965 by reducing ruthenium trichloride with 
hydrazine. Other methods have now been found, e.g. replacement of a 
labile ligand in a complex by N 2 . Dinitrogen complexes have now been 
made for almost all the transition elements. 


[Ru(NH 3 ) 5 H 2 Op + N 2 >qUC0US>0lUt,0 A [Ru(NH 3 ) 5 N 2 p 

The formation of this stable dinitrogen complex led to studies with other 
metals. Complexes with titanium(II) are the most promising, and reduction 
of titanium alkoxides yields either ammonia or hydrazine. A complete 
cycle of reactions for fixing atmospheric dinitrogen to ammonia has been 
reported: 

Ti ,v (OR) 4 —--- Ti"(OR) 2 + 2NaOR 

|— Ti(OR) 2 -—-♦ (Ti(OR 2 )N 2 l 

(Ti(OR) 2 N 2 ) rcd “" —» (Ti(OR 2 )N 2 ) 6 ' 

[Ti(OR 2 )N 2 ] 6 ' 2NH> + \ TKOR)^ 


or 
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[Ti(OR) 2 N 2 ] ———» [Ti(OR 2 )N 2 r- — N 2 H 4 + T i( 0R) 


Cyanamide process 

Production of calcium cyanamide exceeds 1.3 million tonnes/vear 
rising. It is used in large amounts as a nitrogenous fertilizer a \? ndis 
source of organic chemicals such as melamine. n as a 

CaC 2 + N 2 CaNCN + C 
CaNCN + 5H 2 0 -> CaCO, + 2NH 4 OH 

Haber—Bosch process 

The most important commercial process is the Haber-Bosch process Fritz 
Haber discovered how to make N 2 and H 2 combine directly in the labora¬ 
tory. He was awarded the Nobel Prize for Chemistry in 1918. Carl Bosch 
was a chemical engineer who developed the plant to make ammonia using 
this reaction on an industrial scale. He too was awarded the Nobel Prize for 
Chemistry in 1931 for his work on high pressure reactions. 

N 2 + 3H 2 ^ 2NH 3 + heat 


4 volumes 2 volumes 

The reaction is reversible, and Le Chatelier’s principle suggests that a high 
pressure and low temperature are required to drive the reaction to the 
right, and thus form NH 3 . A low temperature gives a higher percentage 
conversion to NH 3 , but the reaction is slow in reaching equilibrium, and a 
catalyst is required. In practice the conditions used are 200 atmospheres 
pressure, a temperature of 380-450 °C and a catalyst of promoted iron. It is 
more economic to use a higher temperature, so that equilibrium will he 
reached much faster, even though this gives a lower percentage conver¬ 
sion. At a temperature of about 400 °C a 15% conversion is obtained with a 
single pass over the catalyst. The gas mixture is cooled to condense liquid 
NH 3 , and the unchanged mixture of N 2 and H 2 gases is recycled. The plant 
is made of steel alloyed with Ni and Cr. 

The catalyst is made by fusing Fe 3 0 4 with KOH and a refractor) 
material such as MgO, Si0 2 or Al 2 0 3 . This is broken into small lumps and 
put into the ammonia convertor, where the Fe 3 0 4 is reduced to give small 
crystals of iron in a refractory matrix. This is the active catalyst. 

The actual plant is more complicated than this one-stage reaction 
implies, since the N 2 and H 2 must be made before they can be converts 10 
NH 3 . The cost of H 2 is of great importance for the economy of the procss 
Originally the H 2 required was produced by electrolysis of water. This vva ^ 
expensive, and a cheaper method using coke and water w'as then 
(water gas, producer gas). Nowadays the H 2 is produced from hydri 


-— • Vf 1 ^ 


carbons, either naptha or CH hvr 

catalyst. All traces of S must be * reacti ng with steam at 750°C with a Ni 

' bC removed 81 "<* these poison the catalyst. 
CH 4 + 2H 2 0 st C0 2 + 4H 2 ' 

CH 4 + H 2 0 CO + 3 H 2 
Some air is added. The O-, burn* u,;*k _ , . 

give the required reaction ratio N 2 : H 2 oH: 3 H2 ’ th “ S leaV ‘ ng N * *° 

(4N 2 + 0 2 ) + 2H 2 st 4N 2 + 2H 2 0 

air 

CO must also be removed as it too poisons the catalyst. 

CO + H 2 0 si co 2 + H 2 

%£* £? 2 n ‘ S removed in a scrubber by means of a concentrated 
solution of K 2 CO 3 , or ethanolamine. 

. 2 0 rld ,f^° d ^ i0n ° f NHj has risen from about 1 million tonnes/year in 
1950 to 110 million tonnes in 1992. This is not quite the largest tonnage of 

any chemical produced, but since NH 3 has a very low molecular weight it 
constitutes a larger amount of substance (moles) than any other chemical. 
The largest producers are the USSR 27%, China 21%, the USA 18%, 
Canada 4%, Romania 4%. the Netherlands 3%, Mexico 3%, West Ger- 
many, Poland, Italy and East Germany 2% each. 

About 75% of the ammonia is used as a fertilizer (30% direct application 
of NH 3 gas or NH 4 OH to the soil, 20% NH 4 NO 3 , urea 15%, ammonium 
phosphate 10%, (NH 4 ) 2 S0 4 3%). Other uses include the following: 

1. Making HNO 3 , which can be used to make NH 4 N0 3 (fertilizer), or 
explosives such as nitroglycerine, nitrocellulose and TNT. HN0 3 can be 
used for many other purposes. 

2. Making caprolactam, which on polymerization forms nylon -6 (see 
hydroxylamine). 

3. Making hexamethylenediamine which is used in making nylon- 6 - 6 , 
polyurethanes and polyamides. 

4. Making hydrazine and hydroxylamine. 

5. Liquid NH 3 is often used as a cheaper and more convenient way o 
transporting H 2 than cylinders of compressed H 2 gas _ The H, is 
obtained from NH 3 by heating over a catalyst of fine 'y. d ’ v ' ors „ has a 

6 . Ammonia has been used as the cooling liqui ,n d freezing 

very high heat of vaporization, and convenient boding and ^ezmg 

points. With the environmental concern over using 

tors, this use of NH 3 could increase. 

ereatlv boosts crop yields. 
The widespread use of nitrates as fer g - r j V ers also 

Since nitrates are soluble, the run-off water into lakes 

contains nitrates. This causes several problems. 

1 .Lg, aquatic plants, which 
1. It produces increased growth of algae an „ j n estuaries turn 
may clog up rivers and lakes, and may ma 
green. 
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2. There is concern that nitrates are harmful in drinking water. They cause 

a disease in babies called methaemoglobinaemia, which reduces the 
amount of oxygen in the baby’s blood. In extreme forms this causes the 
‘blue baby syndrome’. There is also concern that nitrates could be 
linked with stomach cancer. Because of this, the EEC have set a safety 
limit of 25 ppm for nitrates in drinking water. y 

3. There is some concern that denitrification to oxides of nitrogen 
particularly N 2 0, may harm the ozone layer. 

UREA 

Urea is widely used as a nitrogenous fertilizer. It is very soluble, and hence 
quick acting, but it is easily washed away. It has a very high nitrogen 
content (46%). It is manufactured from NH 3 , and the reaction proceeds in 
two stages. 

2NH, + C0 2 —> NH 2 COONH 4 - NH 2 • CO • NH 2 + H 2 0 

high pressure ammonium urea 

carbamate 

In the soil, urea slowly hydrolyses to ammonium carbonate. 

NH 2 CONH 2 + 2H 2 0 - (NH,) 2 C0 3 

PHOSPHATE FERTILIZERS 

Phosphate rocks such as fluoroapatite. (3Ca 3 (P0 4 ) 2 - CaF 2 ] are very in- 
^' e * a " d ,hu * are of no use to plants. Superphosphate is made by treat- 

W ' ,h COncenlra,ed »>S0 4 . The acid salt Ca(H 2 P0 4 ) 2 is 
in the soU water ° Vef * * ,er ' od wec * ts superphosphate will dissolve 

P(Ca 3 (P0 4 ) 2 • CaF 2 ) + 7H 2 S0 4 -► 3Ca(H 2 P0 4 ) 2 + 7CaS0 4 + 2 HF 

V ' 

superphosphate 

is no^movLToTlhepSrtS UCt ’ a " d “ ° f "° Val “ e ‘° pla " ,S ’ b “‘ 
the^omatioif^tl^v^aste'product CaSO 1 '* 31 ^ W3y ’ USi " 8 H3P ° 4 '° aV ° id 
P(Ca 3 (P0 4 ) 2 .CaF 2 ] + 14 Hj P0 4 JwcaOtfQJ, + 2HF 


triple superphosphate 


HALIDES 


Trihalides 

All the possible trihalides ofN p A « ck . 

compounds are the’ least stahu -nT ’ Sb and Bi are known. The nitrogen 

«able. Though NF, j s stable , NC| , is explosive- 
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use declined rapidly whenTtw« , Th° 7** ^ brMd This 

bleached in this way sent docs mad nr bread made fr ° m flour 

unstable ammoniates NbI 6 NH a ^d N . 8 ^ ° n ' y “ 

can be made by dissolving I, in 0 880 NH oh f° m P° und 

ammonia is present and vJ2 ^ It detonates unless excess 
, dna slua ents are warned not to nrenare thi« 

compound. The other 16 trihalides are stable. P P 

• T he . , '' lhalldes are predominantly covalent and, like NH 3 , have a tetra- 

Se B F whkh Z °" e ^ Sit u° n ° CCUpicd b y a lone Pa* r - The exceptions 
F 3 which is ionic and the other halides of Bi and SbF 3 which are 
intermediate m character. 

The trihalides typically hydrolyse readily with water, but the products 
vary depending on the element: 


NC1 3 + 4H 2 0 NH 4 OH + 3HOC1 
PCI 3 + 3H 2 0 -► H 3 PO 3 + 3HC1 
AsCl 3 + 3H 2 0 -► H 3 As0 3 + 3HC1 
SbCl 3 + H 2 0 -► SbO* + 3C1“ + 2H* 
BiCl 3 + H 2 0 -> BiO + + 3CP + 2H+ 

They also react with NH 3 . 


e.g. PCI 3 + 6NH 3 - P(NH 2 ) 3 + 3NH4CI 


NF 3 behaves differently from the others. It is unreactive, rather like CF 4 , 
and does not hydrolyse with water, dilute acids or alkali. It does react if 
sparked with water vapour. 

pf 3 is rather less reactive towards water and is more easily handled 
than the other halides. The trihalides, particularly PF 3 , can act as donor 
molecules using their lone pair to form a .coordinate bond, for example in 
Ni(PF 3 ) 4 . In addition to this a bond, there is n backbonding from a filled 
orbital on the metal to an empty d orbital on P, similar to the way CO 
acts as a ligand. Ni(PF 3 ) 4 can be made from nickel carbonyl Ni(CO) 4 . 

Ni(CO ) 4 + 4PF 3 -► Ni(PF 3 ) 4 + 4CO 


Many trifluorophosphine complexes of the transition metals are known. 
Much of the work was done by J. Chatt and his group at ICI. Though most 
of the trihalides are made from the elements, PF 3 is made by the action of 
CaF 2 (or other fluoride) on PC1 3 . PF 3 is a colourless, odourless gas, which 
is very toxic because it forms a complex with haemoglobin in the blood, 

thus starving the body of oxygen. . 

NF 3 has little tendency to act as a donor molecule. The molecule is 

tetrahedral with one position occupied by a lone pair, and the bond angle 
p__p io2°30' However, the dipole moment is very low (0.23 Debye 

units) compared with 1.47D for NH,. The highly electronegative F atoms 
attract electrons, and these moments partly cancel the moment from the 
lone pair, and this reduces both the dipole moment and its donor power. 
The trihalides also show acceptor properties, and can accept an electron 
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pair from another ion such as F', forming complex ions such as [SbF,p- 
and [SbjF,! - . They also react with a variety of organometallic reagents, 

forming compounds MR 3 - 

PC1 3 is the most important trihahde, and 250»000 tonnes/year are 
produced commercially from the elements. Some PCI., is used to make 

PCI 5 . 

p ru + CK for S?C1?) —♦ PCL 


PCI 3 is widely used in organic chemistry to convert carboxylic acids to acid 
chlorides, and alcohols to alkyl halides. 


PCI 3 + 3 RCOOH -> 3RCOC1 + H 3 PO 3 
PCI 3 + 3 ROH - 3RCI 4- H 3 PO 3 


PC1 3 can be oxidized by 0 2 or P 4 0,<, to give phosphorus oxochloride 
POCI 3 . 

2PCI 3 + 0 2 2 POCI 3 

6 PCI 3 4- P 4 O 10 + 6 CI 2 IOPOCI 3 


POCI 3 is used in large amounts in the manufacture of trialkyl and triaryl 
phosphates (RO) 3 PO. 

yOEt 

0 =PCl 3 4- 3EtOH —> 0=P—OEt Triethyl phosphate 

^OEt 


0=PCI, + 3HO—QH 4 —CHj 


yO ■ C*H 4 • CH, 
0=P—O • QR, CH, 
• C 6 H 4 CH, 


Tritolyl 

phosphate 


Several of these phosphate derivatives are commercially important: 

1. Triethyl phosphate is used in producing systemic insecticides. 

2. Tritolyl phosphate is a petrol additive. 

3. Triaryl phosphates and trioctyl phosphate are used as plasticizers for 
polyvinyl chloride. 

4. Tri-n-butyl phosphate is used for solvent extraction. 


Pentahalides 

Nitrogen is unable to form pentahalides because the second shell contains a 
maximum of eight electrons, i.e. four bonds. The subsequent ejements 
have suitable d orbitals, and form the following pentahalides: 

PF, pci, per, Pl 5 

AsF, (AsCIj) 

SbFj SbClj 

BiF, 



AsCl, is highly reactive and unstahl. 

BiF, is highly reactive, and explode «", h h , 0n y f a tem P° rar y existence, 
oxidizes UF 4 to UF ft , and Br^to BrF a * ?' f0rming ° 3 and F ’°‘ h 
The pentahalides are prepared as follow": hydrocarbons ‘ 



3PCI, + 5AsF, 3PF S + SAsCI, 

PCI, + Cl 2 (in CCI 4 ) -> pci 5 

2AsjO, + lOFj 4 AsF 5 + 30 2 
2Sb 2 0, + 10F 2 -» 4SbF, + 30 2 
2Bi + 5F 2 - 2BiF, 

These molecules have a trigonal bipyramid shape in the gas phase 
(see Figure 14.7), as expected from the VSEPR theory for five pairs of 
electrons. 


Cl 



Cl 


Figure 14.7 Structure of gaseous phosphorus pcntachloride. 
The valence bond explanation of the shape is: 


30 


3p 


3d 


phosphorus atom - 

0 

□ 

□ 

t 





□ 

ground state 








excited state 

□ 

E 

E 

0 


t 

u 

1 
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five singly Sited oibitaMonno bonds 

to five atoms, giving a trigonal bipyramid 

i or structure Electron diffraction on 
The trigonal bipyramid • s n0, a J’^ are yy an( ] others are 120°, and the 
PF, gas shows that some bond and ^ equat orial P-F lengths are 
axial P—F bond lengths are 1.58 ^ a „ five F at0 ms are equivalent. 

1.53 A. In contrast nmr studies s gg Electron diffraction gives 

This paradox may be ex P la,n ® d 0 | eC ule. P whilst nmr gives the picture 
an instantaneous P ic,ure 11 ?L onds The axial and equatorial F atoms are 
averaged over several mtlh . j in | ess time than that neede< * ® 
thought to interchange their po equatorial positions is called 

take the nmr. The interchange of ax 

‘pseudorotation’. , k epi this structure in the so i s a • 

PF, remains covalent an 
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However, PCI, is close to the ionic-covalent borderline, and it is covalent 
in the gas and liquid states, but is ionic in the solid state. PCI, solid exists as 
(PCUP and (PCI*)': the ions have tetrahedral and octahedral structures 
respectively. In the solid, PBr, exists as [PBr 4 ]*Br , and PI, appears to 
be [PU] + and I" in solution. 

PCI, is the most important pentahalide, and it is made by passing Cl 
into a solution of PCI, in CCI 4 . World production is about 20000 tonnes/ 
year. Complete hydrolysis of the pentahalides yields the appropriate -j c 
add. Thus PCI, reacts violently with water: 

PCI, + 4H 2 0 H,P0 4 + 5HC1 

phosphoric acid 

If equimolar amounts are used, the reaction is more gentle and yields 
phosphorus oxochloride POCI 3 . 

PC1 5 + H 2 0 POCI 3 + 2HC1 

PCI 5 is used in organic chemistry to convert carboxylic acids to acid 
chlorides, and alcohols to alkyl halides. 

PCI 5 + 4RCOOH - 4RCOC1 + H 3 P0 4 + HCI 
PC1 5 + 4ROH - 4RC1 + H 3 PO 4 + HCI 

chlorid^SOCIj P40, °’ f0rm ' ng P ° Cl3, 8nd W ' th S ° 2 ’ f ° rming thion V' 

6 PQ, + P 4 O | 0 -» 10POC1, 

PCI, + SOj - POCI, + SOCI 2 

Symm NH4C '' * V8riety ° f pb^p^nitrilic chloride 

" PCI , + " NH<CI - ( Np CI 2 )„ + 4nHC\ (ring compounds n = 3-8) 
8n< * ‘ (NPCI 2 )„ • NPCI, (chain compounds) 

S t 'he he five X v , alem "° hy<WdcS MH ’ ■» k "‘>"" To 

suffkiently electronegative’to^ makeVheTor^t II Hydr ° gen is n0t 

though PHF 4 and PH*F, have been isolated C ° ntraC ‘ sufficien,ly ’ 


OXIDES OF NITROGEN 

The oxides and oxoadds of nitroeen all #*vv,;k;* 

between the nitrogen and oxyeen atom, tv mu,ti P le bonding 

heavier elements in the group ^nd con«« Th ‘, S does 1,01 occur wi,h ,he 

of compounds which have mfp As Sb oTb " y " ,trogcn forms a number 

very wide range of oxides, exhibWngall the ol?H T**' Ni,rogen forms 8 

(+VI). The lower oxides are neu S a^ hi . 0 " S,a,es from (+I) ‘° 
14 . 8 ) a| . and the higher ones are addic (Table 


Table 14.8 Oxides of nitrogen 
Formula Oxidation number 

N 2 0 +1 

NO +11 

N 2 0 3 +III 

no 2 , n 2 o 4 +IV 

n 2 o 5 +v 

(NO 3 , n 2 o 6 ) +vi 

very unstable 


^P^OFwFRn^T 


_ Name _ 

Nitrous oxide 
Nitric oxide 
Nitrogen sesquioxide 

Nitrogen dioxide, dinitrogen tetroxide 
Dinitrogen pentoxide 

Nitrogen trioxide, dinitrogen hexoxide 


Nitrous oxide N 2 0 

careful thermal decor^WoTrfmohei 0 ^ “ 8 “ U U pre P ared by 

280-C. If heated strongly?, exJltSesNo ZZTT ^ * abou « 

solution of NH.NO, acidified with HQ 2 * “ ** made by heatin 8 a 

NH.NO, N,0 + 2H,0 

w£rVor“ Sms 

sodium azide^nd hen^l^ih.“iS? “ * Prepami0n * 
N 2 0 + 2NaNH 2 -♦ NaN 3 + NH 3 + NaOH 

it hS no 8 ?I.T f “ * pr0peUant for whip P cd ice-cream. Because 
regulations “ non ' tox,c ’ U mce ‘ s strict food and health 

caUedVanohin ** “ ®" aesthetic ’ Particularly by dentists. It is sometimes 
catted laughing gas , because small amounts cause euphoria. It requires a 

partial pressure of 760 mm Hg of N 2 0 to anaesthetize a patient comply 
*"US “ “‘oxygen is also supplied, the patient may not be completely un¬ 
conscious. If deprived of dioxygen for long, the patient will die. Plainly 
n 2 U is unsuitable for long operations. Usually N 2 0 is administered to put 
cpatient to sleep , and 0 2 to make him recover consciousness. 

The molecule is linear as would be expected for a triatomic molecule 
with 16 outer shell electrons (see also N," and C0 2 ). However, CO, is 
symmetrical (O—C—O), whereas in N 2 0 the orbital energies favour the 
urination of the asymmetrical molecule N—N—O rather then the sym¬ 
metrical molecule N—O—N. The bond lengths are short, and the bond 
orders have been calculated as —N 2.73 and N—O 1.61. 

.. 1.126 A. , 1.186 A _ 

IN-N-O 

Nitric oxide NO 

NO is a colourless gas and is an important intermediate in the manufacture 
° nitric acid by the catalytic oxidation of ammonia (Ostwald process). It 
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was also important in the obsolete Birkeland-Eyde process which involv 
sparking dinitrogen and dioxygen. NO is prepared in the laboratory by t h 
reduction of dilute HNOi with Cu, or reduction of HN0 2 with I~ : e 

3Cu + 8HNO3 2 NO + 3Cu(N0 3 ) 2 + 4H 2 0 
2HNO z + 21“ + 2H+ 2NO + I 2 + 2H 2 0 

NO is a neutral oxide and is not an acid anhydride. 

NO has 11 valency electrons. It is impossible for them all to be paired 
and hence this is an odd electron molecule and the gas is paramagnetic It 
diamagnetic in the liquid and solid states, because the molecule dimeri? ^ 
forming O—N—N—O. The asymmetrical dimer O—N—O_N has h ^ 

acids™^ t0 ^ f ° rmed 3S 3 rCd SO,id in the P resence of HC1 or other Lewis 

The bond length N—O is 1.15 A, which is intermediate between a 
double and a triple bond. Bonding is best described using the molecula 

toXvf ,^ hap “ , ?' b ° ndine "»•««'" N, andco 

which both have 10 outer electrons. NO has 11 outer electron.; a „H 

Easts t r n n No n ir ne H n * 2 f orbi,ai Thi; reduc « 

oxidizing NO. the nitrosonium ionNO ^formed ^No" the^T^ 
t No" ^ N ~° b °" d ,e "8« h con « ra Cs from ',.15 A in NO^o .Sa 

NO Is “J hi , 8h ' y reaC,iVC 3nd ,end t0 di ^rize. 

reacts instantly with dioxygen to eive f.! ) Clron m °*® cule - Nevertheless it 
nitrosyl halides, e.g. NOCI 2 ’ and W,t ^ ** le * la *°8 ens *• gives 

2NO + 0 2 — 2N0 2 
2NO + Cl 2 -* 2NOG 

These complexes are Mnedm'rr^svh 11 F C ^ S W ' ,h ,ransi,ion me,al '°ns. 

[Fe(H 2 0) s N0J 2 *, which is responsible ^ K and NO form ,he complex 

*“J. for n ! ,ra,es Most nitrosyl complexes are r *i C ° lo “ r ,n the ‘brown-ring 
sodium nitroprusside Na 2 [Fe(CN),N 01 ” °“ red Another example is 

electron don 9 r. in contrast to mo^SanH 2 . N ° ° f,en ac,s as a «hree- 

,hreC C ° -y ^ repla^^ w W o h NotXsI" 0 eleC,r °" S - 
fScoll + 2N ° (Fe ( C0 )2( N 0) 2 ] + 3co 

[Cr(CO) 6 ] + 4NO _ [Cr(NO) 4 j + 6CO 
in these complexes the M—N—o am 

However, in 1968 the M—N—o ancle iff l,near - or close to linear. 

found to be 123°, and since then a^umbe" of™?i (C,)(PPh3)(NO) J + was 

found with bond angles in the range 120-no° t/ comp,exes have been 

are weaker than straight bonds, are of considered ,. bent bonds> which 

NO may also act as a bridging ligand between two or7. theore,ical 'merest, 
similar way to CO. mree metal atoms in a 
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Nitrogen sesquioxide N 2 0, 

N 2 0* can only be obtained at inn/ * 

condensing equimolar amounts of NO'and*NoVtop '.h'*" *1 made by 
NO with the appropriate amount of O tv ' 8 e J l 'er, or by reacting 
whtch is unstable L 

NO + NO, N,0, 

4NO + 0 2 2N,0, 

I! tZESZ* and " ,hC anhydriJe ° f — - d HNO -’ "•* alkali 


N.o, + H 2 0 — 2HNO : 

N 2 O a + NaOH -♦ 2NaN0 2 +. H 2 0 

N : Ox reacts with the concentrated acids, forming nitrosyl salts: 

N 2 0^ + 2HCI0 4 — 2N0[CI0 4 ) + H 2 0 
N 2 0, + 2H 2 S0 4 - 2NO[HSO.,| + H 2 0 

The oxide exists in two different forms. These may be interconverted by 
irradiation with light of the appropriate wavelength. The N—N bond 
length from microwave spectra is 1.864 A in the asymmetrical form. This is 
exceptionally long and thus the bond is exceptionally weak compared with 
the N—N bond found in hydrazine (length of 1.45 A). 


O O 

\ // 

N-N 

\ 

O 

jsymmctnt.il lorin 


0=N N=0 


\ / 

O 


symmetrical lurm 
(has j two (old rotation axis) 
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Nitrogen dioxide N0 2 and dinitrogen tetroxide N 2 0 4 


N0 2 is a red-brown poisonous gas and is produced on a large scale by 
oxidizing NO in the Ostwald process for the manufacture of nitric acid. In 
the laboratory it is prepared by heating lead nitrate. 

2Pb(NOih -> 2PbO + 4NO : + 0 : 


rhe gaseous products O, and NO : are passed through a U-tube cooled in 
ce The NO, (bo ’1°C) condenses. The Pb(NO,)j must be carefully 
fried, since NO, reads with water. The NO., is obtained as a brown liquid 
vhich turns paler on cooling, and eventually becomes a colourless sohcL 
rhis is because NO, dimerizes into colourless N,0 4 . NO., is an odd 
electron molecule, and is paramagnetic and very reactive^It d = sto 
N,0 4 . pairing the previously unpaired electrons. N,0 4 has no unpaired 


electrons and is diamagnetic. 


amouaririer 



2N0 2 ^ N 2 0 4 

paramagnetic diamagnetic 

brown colourless 


N 2 0 4 is a mixed anhydride, because it reacts with water to give a mixtu 
of nitric and nitrous acids: re 

N 2 0 4 + H 2 0 -► HN0 3 + hno 2 

The HN0 2 formed decomposes to give NO. 

2HNO z -h. N0 2 + NO + H 2 0 
2N0 2 + H 2 0 -> HN0 3 + HNO z 

Thus moist N0 2 or N 2 0 4 gases are strongly acidic. 

The N0 2 molecule is angular with an O—N—O angle of 132°. The bond 
length O—N of 1.20 A is intermediate between a single and a double bond 
X-ray diffraction on solid N 2 0 4 shows the structure to be planar. 

O O 

\ f 64 A / 

/ \ 

O O 

The N N bond is very long (1.64 A), and is therefore weak. It is much 
longer than the single bond N-N distance of 1.47 A in N 2 H 4 , but there is no 
satisfactory explanation of why it is long. 

Liquid N 2 0 4 is useful as a non-aqueous solvent. It self-ionizes: 

N 2 0 4 ^ NO* 4- NO3 

acid base 

In N 2 0 4 substances containing NO* are acids and those containing NO3 
are bases. A typical acid-base reaction is: 

NOC1 + NH 4 N03 — NH 4 CI + n 2 o 4 

ac,< ^ base sail solvent 

Liquid N 2 0 4 is particularly useful as a solvent for preparing anhydrous 
metal nitrates and also nitrato complexes. 

ZnCI 2 + N 2 0 4 — Zn(NO,) 2 + 2NOCI 
TiBr 4 + N 2 0 4 -> Ti(NO,) 4 + 4NO + 2I 2 

The N0 2 -N 2 0 4 system is a strong oxidizing agent. N0 2 reacts with 
fluorine and chlorine, forming nitryl fluoride N0 2 F and nitryl chloride 
N0 2 Q. It oxidizes HC1 to Cl 2 and CO to CO>. 

2N0 2 + F 2 2N0 2 F 
2N0 2 + Cl 2 2N0 2 CI 
2N0 2 + 4HCI 2NOCI + Cl, + 2H,0 
NO, + CO C0 2 + NO 




Dinitrogen pcntoxide N 2 0 
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is a strong oxidizing agent and isViTht 6 " S ° ld ’ which is hi S h| y reactive, 
HNOj. 8 ’ " d ' S l,8h ' sensitlv e- It is the anhydride of 

N 2 0 5 + H 2 0 -» 2HNOj 
N 2 O s + Na -► NaNO, + N0 2 
N 2 O s + NaCI —» NaN0 3 + NOjCI 
N 2 0 5 + 3H 2 S0 4 - HjO + + 2NOJ- + 3HS07 

In the gas phase N 2 0 3 decomposes into NO no >n j r\ xr. 
trioxide NO, may be formed by treating N 2 0 5 wi,hS 3 ge " 

X-ray diffraction shows that solid N,0< is ionic NO + m n ~..k \a • 

"'»*« >• n °,L,r 

phase, and probably has the structure: g 

O O 

\ / 

N—O—N 

/ \ 

o o 


OXOACIDS OF NITROGEN 
Nitrous acid HN0 2 

Nitrous acid is unstable except in dilute solution. It is easily made by 
acidifying a solution of a nitrite. Barium nitrite is often used with H 2 S0 4 , 
since the insoluble BaS0 4 can be filtered off easily. 

Ba(N0 2 ) 2 + H 2 S0 4 2HN0 2 + BaS0 4 

Group 1 metal nitrites can be made by heating nitrates, either on their 
own or with Pb. 


2NaN0 3 -^ 2NaN0 2 + 0 2 
NaN0 3 + Pb-^ NaN0 2 + PbO 

Nitrous acid and nitrites are weak oxidizing agents and will oxidize Fe 2 to 
Fe 3 *, and I" to I 2 : they themselves are reduced to N 2 0 or NO. Howevej’, 
HN0 2 and nitrites are oxidized by KMn0 4 and CI 2 , forming nitrates NO 3 . 

Large amounts of nitrites are used to make diazo compounds, which are 
converted into azo dyes, and also pharmaceutical products. 

PhNH 2 + HN0 2 -+ PhN 2 Cl + 2H 2 0 

phenyldiaronium chloride 

Nitrites are important in the manufacture of hydroxylamine. 
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NH 4 N 0 2 + NH4HSO, + SO2 + 2HjO - |NH,OH) HSO„ + (NH 4 ) 2 s 0j 

Sodium nitrite is used as a food additive in cured meat, sausages, h 0 , 
dogs, bacon and tinned ham. Though an approved add.t.ve its USe , s 
controversial. NaN0 2 is slightly poisonous.The tolerance limit for humans 
is 5-10e per day depending on body weight. N0 2 ions inhibit the growth 
of bacteria, particularly Clostridium botulinum. which causes botulism ( a 
particularly unpleasant form of food poisoning). Reductive decomposition 
of N07 gives NO, which forms a red complex with haemoglobin, and 
improves the look of meat. There is concern that during the cooking of 
meat, the nitrites may react with amines and be converted into nitrosamines 

_^=o, which are thought to cause cancer. Certainly secondary and 

tertiary aliphatic amines form nitrosamines with nitrites: 


Pt-KIW 4- UNO- 


\iwn 4 - u~n 


Et 3 N + HN0 2 [Et 3 NH)[N0 2 J——Et 2 NNO + EtOH 

The nitrite ion is a good ligand and forms many coordination complexes. 
Since lone pairs of electrons are present on both N and O atoms, either N 
or O can form a coordinate bond. This gives rise to isomerism between 
nitro complexes M *- N0 2 and nitrito complexes M «- ONO, for example 
[Co(NH 5 ) 5 (N0 2 )] 2+ and [Co(NH 3 ) 5 (ONO)J 2+ . This is discussed in Chapter 
7, under ‘Isomerism’. If a solution of Co 2 * ions is treated with N0 2 " ions, 
first Co 2 * ions are oxidized to Co 3 *, then NOJ ions form the complex 
[Co(N0 2 )f,| 3 ~. Precipitation of potassium cobaltinilrite K,[Co(NO : ) 6 | is 
used to detect K* qualitatively. The NOJ ion may act as a chelating ligand, 
and bond to the same metal twice, or it may act as a bridging ligand joining 

two metal atoms. 

The nitrite ion N0 2 has a plane triangular structure, with N at the 
centre, two corners occupied by O atoms, and the third corner occupied by 
the lone pair. A three-centre bond covers the N and the two O atoms and 
the bond order is 1.5 for the N—O bonds, which have bond lengths in 
between those for a single and double bond. (More details are given in 
Chapter 4, under ‘Examples of molecular orbital treatment involving delo¬ 
calised n bonding’.) 


Nitric acid HNO 3 

HNO 3 is the most important oxoacid of nitrogen. (The three most 
important industrial acids in order of tonnages produced are (1) H 2 S0 4 , 
(2) HNO 3 and (3) HCI.) Pure nitric, acid is a colourless liquid, but on 
exposure to light it turns slightly brown because of slight decomposition 
into N0 2 and 0 2 . 

4 HNO 3 -*■> 4N0 2 + 0 2 + 2H : 0 

It is a strong acid and is 100% dissociated in dilute aqueous solutions into 
H 3 0* and NO 3 . It forms a large number of salts called nitrates, which are 

typically very soluble in water. 



OXOACIDS OF NITROGEN 


The shape of the NO* ion is a planar triangle, like the CO?" ion. The 
later elements in both groups form tetrahedral oxoacid ions such as PO 4 - 
and SiOj". This difference in shape is probably due to the small size of the 
N and C atoms and their restriction to eight electrons in their outer shell. 

HNO 3 is an excellent oxidizing agent particularly when hot and concen¬ 
trated. H* ions are oxidizing, but the N0 3 " ion is an even stronger 
oxidizing agent in acid solution. Thus metals like copper and silver which 
are insoluble in HC1 dissolve in HNO 3 . Some metals such as gold are 
insoluble even in HN0 3 , but will dissolve in aqua regia, a mixture of 25% 
concentrated HN0 3 and 75% concentrated HC1. The enhanced ability to 
dissolve metals shown by aqua regia arises from the oxidizing power of 
HNO 3 coupled with the ability of Cl" to form complexes with the metal 

ions. 

HNO 3 was originally made from NaN0 3 or KN0 3 and concentrated 
H 2 SO 4 . The first synthetic method was the Birkeland-Eyde process. This 
sparked N 2 and 0 2 together in an electric arc furnace, and passed the gas 
into water. The process was started in Norway in 1903, but is now obsolete, 
because of the high cost of electricity. 


+ O' 


spark 


NO 


NO- 


4HNO, 


The Ostwald process depends on the catalytic oxidation of a "J"J° n ' a ° 
NO, followed by oxidation of NO to NO„ and conversion of NO, with , 
water to HNO, The first plant was set up in Germany m 908 and 
Ostwald was awarded the Nobel Prize in 1909. The methodhsstrH u:sedan 
about 24.7 million tonnes/year of HNO, are produced. The overall process 

is: 

platinum'rhodium catalyst 

5 at mospheres »WC _ 4 NO,.. + 6H 2 0,g, 

4NH,< g) + 50 2(g) . . 

Tlte NO .it -< ~<*d "» °' “ 

countercurrent of water. 

,-. 2NO( gl + 0 2(g ) = 2N0 2 ( g i 

2NO?(g) + HA.. - HNO ’ + HN ° 2 nio 

2HNO 2 -^H 2 0 + NO 2 + NO-j 

3NO, + H 2 Q - 2HNO,^ N0^2 

overal1 NHl + 2 ° 2 H . ^,0/ hy weight. Distillation 

This gives a HNO, solution of concenuauon ^ bolling mixture is 

only increases the concentration ^ 0/ acic ] a nd is produce y e 

formed. Concentrated’ HNO, coma ms 98/o ^ ^ mixjng w|th a 72 o /o 

hydrating with concentrate su p 

magnesium nitrate solution, o o j sulphuric acid, t e m ro 

Wtan nitric ,M » “IfSe ««*> ,h ' 

ium ion NO? is formed. Th 
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aromatic organic compounds, i nts is an important step in making cx . 
plosives, or the nitro compounds may be reduced to aniline and used f 0r 

making dyestuffs: 


HNO,—^ NO; 



benzene nitrobenzene aniline 


(used for dyestuffs) 



trinitrotoluene 
(used as an explosive) 


Figure 14.8 Nitration of benzene and toluene. 

Covalent nitrates are less stable than ionic nitrates. (This is a similar 
behaviour to that of the azides.) Nitroglycerine, nitrocellulose, trinitro¬ 
toluene (TNT) and fluorine nitrate (FN0 3 ) are all explosive (Figure 14.9). 

World production of explosives is quoted as 2.5 million tonnes for 1991, 
but the true value may be higher than this. 

HNO* is a strong oxidizing agent, and is used to oxidize cyclohexanol/ 
cyclohexanone mixtures to adipic acid (which reacts with hexamethylene- 
diamine in the manufacture of nylon-66). 



1N0 3 is also used to oxidize p-xylene to terephthalic acid for the 
manufacture of terylene. 

The structure of the nitrate ion is a planar triangle. All three oxygen 





no 2 

methyl-2,4,6-trinitrobenzene 

(trinitrotoluene, TNT) 



N0 2 


2.4,6-trinitrophenol 

(picric acid) 




cellulose nitrate 
(nitrocellulose-gun cotton) 


Figure 14.9 Some explosives. 


CH 2 —. 0 — 

— no 2 

CH -0 - 

I 

—no 2 

1 

CH 2 - 0 - 

— NO, 


propane- 1 ,2,3-tnyl trinitrate 
(nitroglycerine) 


atoms are equivalent. In addition to the o bonds, four-centre n molecular 
orbitals cover the N and the three O atoms. Each of the N—O bonds has a 
bond order of U. I from the o bond and ( from the n bond. (This is des¬ 
cribed more fully in Chapter 4, under 'Examples of molecular orbital 
treatment involving delocalised n bonding'.) 

Reduction of nitrates in acid solution gives either NO 2 or NO, but in 
alkaline solutions with metals such as Devarda’s alloy (Cu/AI/Zn), 
ammonia is produced. 

3Cu + 8HNO' — d "" ,i: -' 2NO + Cu(NO,) 2 + ‘*n 2 0 

Cu + 3 hno,=^ NO, + Cu(NO,) 2 + H 2 0 
Devarda's alloy (Cu/AI/Zn) + NaOH —* H 
NO; + 9H —» NH, + 3H 2 0 
NOT + 7H — NH, + 2H z O 

no.; no 2 NO NH, 
oxidation state of N ( + V) ( + IV) ( + H) ( 
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OXIDES OF PHOSPHORUS, ARSENIC AND BISMUTH 

The oxides of the rest of the group are listed in Table 14.9. They fo 
fewer oxides than does nitrogen, presumably because of the inability" 11 
these elements to form pn-pn double bonds. y of 


Table 14.9 Oxides and their oxidation states 



Trioxides 

Phosphorus trioxide is dimeric and'should be written P 4 O ft , not P 2 O v P 4 o 
has four P atoms at the corners of a tetrahedron, with six O atoms along 
the edges, each O being bonded to two P atoms. The structures of As 4 0 6 
and Sb 4 0 6 are similar to this. Bi 2 0 3 is ionic. The structure of P 4 O, 0 is 
shown in Figure 14.10. Since the P—O—P angle is 127° the O atoms are 
strictly above the edges, but it is more convenient to draw them on the 
edges. 



Figure 14.10 Structure of phosphorus trioxide P 4 0*. 

Because yellow phosphorus is more reactive than is N 2 , phosphorus 
oxides (unlike nitrogen oxides) can all be obtained by burning phosphorus 
in air. 

n x <>r\ limited supply of air ^ ^ 
r 4 + JU 2 ----► P 4 (J 6 

P 4 0 6 is formed by burning phosphorus in a limited supply of air. It is a soft 
white solid (m.p. 24°C, b.p. 175°C). It is removed from the reaction 
mixture and is purified by distillation. (Higher oxides are formed in a 
plentiful supply of air.) P 4 C) 6 will burn in air, forming P 4 Ojo- 

P 4 O a 4- 20 2 - P 4 0,„ 


-- AND bismuth 


As 4 0 6 and Sb 4 0 6 are obtained by burnino th 

since they have-less tendency to form hiohJ ") eta,s in air or Oxygen, 
minerals As 4 S 4 (realgar) or AsjSj (oroinfemr ’*' dCS ' Heating the sul P hi de 
As 4 Oft and Sb 4 0 6 are very poisonous Bi O • " air also gives As 4 0 6 . Both 
The basicity of oxides and hydroxides Lnln" 0 ' d ‘ meric like the others - 
group. P 4 0 6 is acidic and hydrolyses in water y ‘ ncreases on descending a 
(This is considered in more detail , :°™ in « P hos Ph°row acid, 

sparingly soluble in water, and Sb 4 (\ is insoluhhf"?' U f, 0X,dc As «°‘ is 
both amphoteric since they react with alkali f b • AS4 ° 6 and Sb4 ° 6 are 
monites, and with concentrated Hn • * orm,n 8 ar $enites and anti- 

chlorides. In the past, variouscom*'± T 8 arSe " ic and antim °"y 
pigments. The be* ^ 

ssX'Er* a, s 5^,0" 


P 40 6 + 6H 2 0 
As 4 0 6 + 12NaOH 
As 4 O a + 12HC1 


4H 3 P0 3 

4Na 3 As0 3 + 6H 2 0 
4 AsC1 3 + 6H 2 0 
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Pentoxides 

Phosphorus pentoxide is the most important oxide, and is quite common. 

It is dimeric and has the formula P 4 O lu , not P 2 0 5 . Its structure.is derived 
from that of P 4 Of>. Each P atom in P 4 0 6 forms three bonds to O atoms. 
There are five electrons in the outer shell of a P atom. Three electrons have 
been used in bonding, and the other two comprise a lone pair, which is 
situated on the outside of the tetrahedral unit. In P 4 O| 0 the lone pairs on 
each of the four P atoms form a coordinate bond to an oxygen atom 
(Figure 14.11a). 

Measurement of the P—O bond lengths shows that the bridging bonds 
on the edges are 1.60 A but the coordinate bonds on the corners are 
1.43 A. The bridging bonds compare with those in P 4 O ft (1.65 A) and are 
normal single bonds. The bonds on the corners are much shorter than a 
single bond, and are in fact double bonds. These double bonds are dif¬ 
ferent in origin from the ‘usual’ double bonds such as that in ethene 
which arises from pn-pn overlap with one electron coming from each C 
atom. The second bond in P=0 is formed by pn-dn back bonding. A full 
P orbital on the O atom overlaps sideways with an empty d orbital on the P 
atom. Thus it differs from the double bond in ethene in two respects: 

1- A p orbital overlaps with a d orbital, rather than p with p . 

2. Both electrons come from one atom, and hence the bond is a ative 

bond’. 

A similar type of back bonding is found in the carbonyls. 

As 4 O 10 has a similar structure to P 4 0,„ in the gas phase. However, the 
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THE GROUP 15 ELEMENTS 



-©+-)P: 



(a) 


(b) 


(b) Orbitals involvld7n O L P c h k 0 tend r ing Pen,OX ' <le P4 ° 10 Forma,ion of o bonds. 

oxidizes HCI to Cl 2 . I, is del.que^t^nH S,ro "8 ox.dizing agent, and 
P«Oio is formed by burning P in J Ver ^ S °. U ^* e * n Wat er. 
and Sb require more drastic oxidation^r^ 5 ° f a ' r ° r dioxygen - bul As 
pen,oxides. As 4 O l0 and Sb 4 0 ,o; dio y xv C p °" Ce T a,ed . HN °> to f °™ 'he 
form the trioxides. d 'oxygen when they are heated, and 

PaO.o absorbs water from the air r 

becomes sticky. Because of this stronTaffi r T ° ,her com P°“nds, and 

drying agent. Finely powdered P ~ y for wa,er - P<O 10 is used as a 

and used for drying pu^ose S ThtS'rov ^° mc !' ,nes s Pread over glass wool 

in l!r y C ° Vered by “2 hydmlysis n '^ * “T drying surface . which is 
by th Cr ' ,orm, ng phosphoric acid H PO tI?*' P40, ° hydrolyses violently 
by «his route is the largest u “of PO* ^ manufac «ure of pure H 3 Po! 

p n P <°«« + 6 H 2 0 4H PO 

SiS£^ esters. (The 

P(OH) 3 .) k pn ° r,c acid 'S shown by writing H.PO, as 

p «Oio + 6E,OH -* 2n-Dior- . 

P «°>o + 6E, 2 0 40=P(o E ! ( ° H>2 + 20=P (° E ') 2 (OH) 

A s <O m dissolvc$ . ° P(OE, )i 

lead a aie a n n a1e S p a bHAsO S,r0nRer acid 'hanVlrte' 0 **' H,As ° 4 This ' S 

* ‘" d i 
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the PHOSPHORIC acd SE^lis' 


insecticides against locusts, cotton weevils 

insoluble in water and antimonic acid is 1*! fruit moths - Sb 4 0,„ is 
taining [Sb(OH) 6 | , however, are known ^ known * Antimonates con- 
Bi does not form a pentoxide, showing th 
oxidation states decreases on descending theo ^ Stabi,ity of the highest 
higher oxidation states are more acidic is alLb£’ Thc UsuaI trend that 
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Other oxides 


The oxides P 4 0 7 , P 4 O g and P 4 O q are verv ..no_ 

molecule contains P atoms in both the mriHaf mmon * In these ox »des one 
P 4 0 7 is best made by dissolving (+U,) and (+V >' 

with the correct amount of dioxygen Heatino p and react, "8 i( 

sealed tube gives a mixture of red Dhosnhnn 8 yPt U " der vacuum a 
and P 4 0,. these oxides have «nS“ es the °* ides P <° 7 ' P *°« 

P 4 0,„. in that they have one, two or three apical ""aS aLTd ml 
atoms. Hydrolys.sw.th water thus yields a mixture of oxoaS in £«I 
ox.dat.on states, phosphoric acid P(+V) and phosphorous acid P(+m) 


P 

P 


4^8 

4O9. 


+ HjO 


h 3 po 4 + h 3 po 3 

orthophosphoric onhophosphorous 

_. . 


acid 


acid 


OXOACIDS OF PHOSPHORUS 
Phosphorus forms two series of oxoacids: 

1. The phosphoric series of acids, in which the oxidation state of P is 
(+V), and in which the compounds have oxidizing properties. 

2. The phosphorous series of acids, which contain P in the oxidation state 
(+111), and which are reducing agents. 

In all of these, P is four-coordinate and tetrahedrally surrounded 
wherever possible, pit-pit back bonding gives rise to P=0 bonds. The 
hydrogen atoms in OH groups are ionizable and are acidic, but the P—H 
bonds found in the phosphorous acids have reducing, not acidic, proper¬ 
ties. Simple phosphate ions can condense (polymerize) together to give a 
wide range of more complicated isopolyacids or their salts. 


the phosphoric acid series 

Orthophosphoric acids 

The simplest phosphoric acid .is H 3 P0 4 orthophosphoric acid (Figure 
14 12).The acid contains three replaceable H atoms, and is tribastc. It 
undergoes stepwise dissociation: 
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h 3 po 4 

H2P04' : 

HPOi' 


H* + H2PO4 
H + + HP0 4 _ 
: H + + PO 4 ' 


a:., = 7.5 x 10- 3 
K a2 = 6.2 x 10' 8 
“lX 10~ 12 


Three series of salts can be formed: 

1 Dihvdrogen phosphates, for example sodium dihydrogen phosph aie 

S2PO4, which is slightly acidic in water. 

2 Monohydrogen phosphates, for example disodium hydrogen pho$. 
' phate Na 2 HP0 4 , which is slightly basic in water. 

3 . Normal phosphates such as trisodium phosphate Na,P0 4 , which are 
appreciably basic in solution. 

NaH 2 P0 4 and Na 2 HP0 4 are made industrially by neutralizing H 3 P0 4 with 
‘soda ash’ (Na 2 C0 3 ), but NaOH is required to make Na 3 P0 4 . All three 
salts exist in the anhydrous state and also in a number of hydrated forms, 
and they are used extensively. 

Phosphoric acid also forms esters with alcohols: 

(H0) 3 P=0 + 3 EtOH _> (EtO) 3 P=0 + 3H 2 0 

acid alcohol 


ester 

(triethyl phosphate) 


Phosphates are detected analytically by mixing a solution of the salt with 
dilute HN0 3 and ammonium molybdate solution. A yellow precipitate of 
a complex ammonium 12 -molybdophosphate forms slowly, confirming the 
presence of phosphates. Arsenates form a similar precipitate, but only on 
heating the mixture. 

The orthophosphates of Group 1 metals (except Li) and NH 4 are soluble 
in water. Most of the other metal orthophosphates are soluble in dilute 
HCI or acetic acids. Titanium, zirconium and thorium phosphates are 
insoluble even in acids. Thus in qualitative analysis a solution of zirconyl 
nitrate is commonly added to remove any phosphate present in solution. 

Phosphates can be estimated quantitatively by adding a solution contain¬ 
ing Mg^ and NH 4 OH solution to a solution of the phosphate. Magnesium 
ammonium phosphate is precipitated quantitatively, and this is filtered, 
washed, ignited, and weighed as magnesium pyrophosphate Mg 2 P207- 

Mg 2 * + NH 4 * + POj" — MgNH 4 P0 4 
2MgNH4P0 4 MgjPjO, + 2NH, + H 2 0 



OH H 3 P0 4 orthophosphoric acid 


Figure 14.12 Structure of orthophosphoric acid H 3 P0 4 . 
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Impure orthophosphor,c acid H,P0 4 is prepared in , amounts b 
treating phosphate rock w.th H 2 S0 4 . This is called the wet process'. The 
CaSO« is hydrated to gypsum CaSO„ • 2H 2 0, which is filtered off, and the 
F - is converted to Na 2 lStF fl | and removed. The H,P0 4 is concentrated 
by evaporation. Most of the H 3 P0 4 made in this way is used to make 

fertilizer. 

Ca 3 (P0 4 ) 2 + 3H 2 S0 4 -* 2H 3 P0 4 -f 3CaS0 4 
[ 3 (Ca 3 (P 0 4 ) 2 ) • CaF 2 ] + 10H 2 SO 4 -» 6 H 3 PO 4 + 10CaSO 4 + 2 HF 

Pure H3PO4 is made by the ‘furnace process’. Molten P is burnt in a 
furnace with air and steam. First P 4 Oj 0 is formed by reaction between P 
and O, and then this is immediately hydrolysed. 

P 4 + 50 2 > P 4 O 10 
P 4 O 10 + 6H 2 0 -► 4H 3 P0 4 

Phosphoric acid is hydrogen bonded in aqueous solution, and because of 
this the ‘concentrated acid’ is syrupy and viscous. Concentrated acid is 
widely used and contains about 85% by weight of H3PO4 (100% pure 
(anhydrous) H3PO4 is seldom used, but it can be prepared as colourless 
deliquescent crystals by evaporation at low pressure). Most of the acid 
(solution) made in this way is used in the laboratory, and in food (Kraft 
cheese Na 2 HP0 4 ) and pharmaceutical preparations. 

H3PO4 may also be made by the action of concentrated HN 0 3 on r. 

P 4 -I- 2 OHNO 3 -► 4 H 3 PO 4 + 20NO 2 + 4H 2 0 
Orthophosphoric acid loses water steadily on heating: 


I* po hea L h 4 p 2 o 7 - strong ^ (hpo 3 )„ 

220-C pyrophojphoftc 320‘C mcupt^phonc 
.ad « ,d 


strong heat 


Polyphosphates . thc 

A very large number of polyphosphonc ac^s formjng jsopo | y . 

polyphosphates, arise by polymenzing^ |he Q at0 ms a , 

acids. These consist of chains -hadron giving simple unbranched 

one or two corners of the [PO,] by the silicates, 

chains, in a similar way to the orma and an understanding of 

The hydrolysis of P,O 10 P r0C f edS . “ f he ’ wide range of phosphoric 
these stages leads to an understanding 

acids (Figure 14.14). (overal , react,on) 

P 4 O, 0 + 6H 2 0 — 1 The basicity of the 

Polyphosphates are straight cha ' n C °^ abie H atoms, can be found 
various acids, that is the num er o number of OH groups. u 

by drawing the structure and count,ng the 


Scanned by CamScanner 



THE GROUP 15 ELEMENTS 




/OH 


OH 01 

H4P2O7 

pyrophosphoric acid 
O 





OH OH OH 

H 5 PjOio 

tripolyphosphoric acid 

Figure 14.13 Pyrophosphoric acid H 4 P 2 O 7 and tripolyphosphoric acid H s PiO, 


orthophosphoric acid is tribasic, pyrophosphoric acid is tetrabasic, tripoly- 
phosphoric acid is pentabasic, tetrapolyphosphoric acid is hexabasic. and 
tetrametaphosphorrc acid is tetrabasic. 


PAif (overall reaction) 

O OH 

r \ s i 


V17 


4HO—OH 

oil 


r 

f \ 

o OH 
not actually isolated 

2 HO—t-opS-OH 

oil oil 


Pyrophosphoric 


O O 

HO—H—O—P-OH 

L , A 


HO—] 


Tetramrtiphoaphoric 


O O O o 

HO—P—O— 

oil oil oil OH 


Tetnpolyphospboric 


Figure 14.14 Scheme for the hydrolysis of P 4 O m . 
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THEPHOSPHORIC ACID 


SERIES 


Many polyphosphates are known. Chains of diff* 

,en [P0 4 ] “ ni,s have isolated, but the first fn * eng,hs with U P *° 
k(l0 wn. r ,n the senes are well 


H3PO4 

h 4 p 2 o 7 

H 5 P 3 O 10 

H^O.j 


orthophosphoric acid _ 

tetrapolyphosphoric acid 


Some very long chain polymers called Graham’s „i» v . 

rea ? an K . K r K 2 , Wh u n heated t0 8 ether - This is an ea ier way of 

makmg batches of bread than using yeast, and is used commercially 

Na 2 H 2 P 2 0 7 + 2NaHC0 3 - Na 4 P 2 0 7 + 2C0 2 + 2H 2 0 

Ca 2 P 2 0 7 is used as the abrasive/polishing agent in fluoride toothpaste, and 
Na^O, is mixed with starch and flavouring to make ‘instant pudding’ 
mixtures. 

At one time sodium pyrophosphate Na 4 P 2 0 7 was added to soap powders 
and solutions as a water softener, to prevent the formation of scum in hard 
water. For many purposes detergents, e.g. anionic and non-ionic surfac¬ 
tants (surface active agents), have replaced soap. Also Na 4 P 2 0 7 has been 
replaced by sodium tripolyphosphate Na 5 P 3 O, 0 . Between 20% and 45% of 
Na 5 P 3 O 10 is added to solid detergent powders and liquid detergents 
(washing up fluids etc.) used in the home and in industry. (The lower figure 
applies to the USA, where there have been bad experiences of extensive 
pollution of rivers and lakes.) Sodium tripolyphosphate is called a ‘filler’ 
because it increases the quantity of material in*the packet. Its main useful¬ 
ness, however, is in serving as a water softener. It does this by forming a 
stable soluble complex with Ca 2+ and Mg 2+ . This is called sequestration, 
and results in the effective removal (masking) of these ions which are 
responsible for hardness in water. Thus Ca 2+ and Mg 2 ions do not form 
precipitates with COj~ ions or with soap in its presence. Na 5 P 3 O, 0 also 
makes the solution alkaline which helps dissolve grease and improves the 
action of the detergent. Na 5 P 3 O l0 can be prepared in the following ways: 

The most common method of preparation is to fuse the correct 
quantities of Na 2 HP0 4 and NaH 2 P0 4 . Recrystallizat.on from water 

gives the hexahydrate Na 5 P 3 Oio* 6H 2 0: 

2Na 2 HP0 4 + NaH 2 P0 4 -^-—» Na.'PjO,,, + 2H 2 0 

2- Jn Germany it is largely made b)’ fusing skiVc^fing 

the pyrophosphate Na 2 P 2 0 7 crystallizes 
this changes into Na^PiOjo: 
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IIJUI'C . . 

lONa.O + 3PjO|,i -- 4Na<P,0, 

cool slowlv 


Long chain polyphosphates — linear metaphosphates 

The very long chain polyphosphates have caused confusion in the past 
since they were originally called metaphosphates, a name used for ring 
compounds. When the number of units in the polymer n becomes very 
large, the formula of a chain polyphosphate (PO*),, P0 4 becomes 
indistinguishable from that of a true metaphosphate, that is a ring 
compound with a formula (P0 3 )„. The long chains are sometimes called 
linear metaphosphates. 

Graham's salt is the best known of these long chain polyphosphates, and 
is formed by quenching molten NaP0 3 . It forms a glassy solid instead of 
crystallizing. In industry it is incorrectly called sodium hexametaphosphate. 
This is wrong because it does not contain six [P0 4 J units and is a high 
molecular weight polymer (NaP0 3 )„, which usually has a mean molecular 
weight of 12000-18000, and up to 200 (P0 4 ) units in the chain. Though 
mainly made up of long chains, it does contain up to 10% of ring meta¬ 
phosphates and a little cross-linked material. (Molecular weights of these 
long chain polymeric species can be determined by titrating the end 
groups, and also from osmotic pressure, diffusion, viscosity, electrophore¬ 
sis, and ultracentrifuge measurements.) Graham’s salt is soluble in water. 
These solutions give precipitates with metal ions such as Pb : " and Ag\ 
but not with Ca 2 * and Mg 2 *. Graham's salt is sold commercially under the 
trade name Calgon. It is widely used for softening water. It sequesters 
Ca 2+ and Mg 2 * in a similar way to NasPiO| 0 . Many of these polyphos¬ 
phates are used for water softening, and also for descaling boilers and 
pipes. 

Heating Na 2 H 2 P 207 results in dehydration, but three different products 
are formed depending on the vapour pressure of water. If heated in air (an 
open system), where water can escape, then cyclic sodium trimetaphos- 
phate is formed. Heating in a closed system, where the water cannot 
escape, yields either Maddrell's high temperature or low temperature salt 
These are crystalline, as is Kurrol’s salt. They consist of chains °t 
tetrahedral [P0 4 ] units, and they differ in the way the tetrahedra art 
oriented in the chains. Thus Kurrol's salt is made up of helical chains ot 
[P0 4 j units, and the structure contains an equal number of left handed and 
right handed helices. Thus chains may differ in their length and they may 

3 Tk^ aVC ^^ erenl repeat units, as was found in the chain silicates. 

These and other relationships are shown in (Figure 14.15). 

en (cyclic) sodium trimetaphosphate melts at about 625°C.J on £ 
chain polyphosphates are formed. If the liquid is cooled rapidly 
chains remain (Graham’s salt). Annealing Graham’s salt above 550 

nil? S ■ Sa ^* exists in two forms, one fibrous and the ot 

plate-like. They have different densities. The two different forms J 



toe phosphoric acid series 


NaH 2 P0 4 

sodium dihydrogen orthophosphate 


> 160°C 


P4O 


10 



Na 2 H 2 P 2 07 

pyrophosphate 


(closed 


system) 

300°C 


230-300°C 


hydrolyse 

with 

Na^O, 


NauP40 12 

sodium 

tetrametaphosphate 
(rings) 

270°C 


(NaP0 3 ) 3 

sodium 

tnmetaphosphate 


(NaPOj), 4 
Maddrell’s high 
temperature salt 


>300°C 


(NaP0 3 ) y 


Maddrell’s low 
temperature salt 


625°C 



380-450°C 


(NaP0 3 ) z 
Kurrol's salt 
(helical chains) 


-590°C 


(NaPOs) 
liquid melt 


rapid 


(NaPOs) 


> 550°C 


Graham's salt 
(glass) 


cooling 

Figure 14.15 Relation of various polyphosphates. 




similar to the asbestos minerals in the silicates, some of * * r 400 ®c 
chains, and others of sheets. Annealing one for*. of Kurrol ^ 
gives sodium trimetaphosphate, and the ot er^giv ' ^ ^ , djc ) sodium 
perature salt. All forms of sodium P 0 ^ ® s ^. c or on annealing (pro- 

trimetaphosphate near the melting po because the trimetaphos- 

longed heating) at 400'’C. This is presumably because 

phate has the most stable crystal structure. 

Metaphosphates - cyclophosphates The M name 

The metaphosphates form a family of acc0 rding to IUPAC 

of metaphosphates is still widely use e h formation of rings, 

nomenclature cydo- should be used to .nd.cate 
They can be prepared by heating orthophosphates. 

u pn ht,t 316 ‘^ (HPOj)n + " H 2° 

" Hs 4 . . of free monometaphosphate ions 

There is no evidence for the existenc w0 uld involve the sharing o 

PO^T, or of dimetaphosphate ions. c 
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O vV O 


\ / \ / 

P P 

_</ V/ \ 


o— 


Di-metaphosphate ion 
(cyclo-diphosphate) 


I. 

p p 
—o O- 




Tri-metaphosphate ion 
(cydo-triphosphate) 


-O— P-o 



O 6 

Tetra-melaphosphaie ,<» 
(cyckHetraphosppaijj 


Figure 14.16 Some polyphosphate ions. 

two corners, that is an edge between two [P0 4 ] tetrahedra, and would 
impose a great deal of strain on the structure. In contrast, tri- and tetra- 
metaphosphates are well known. A few larger rings have been isolated 
with up to eight [P0 4 J units, that is up to Na^PaC^]. These are obtained 
as mixtures, and are conveniently separated by paper chromatography or 
thin layer chromatography 

Sodium trimetaphosphate Na 3 P 3 0 9 is made by heating NaH 2 P0 4 to 
640°C, and holding the melt at 500 °C for some time to allow the conden¬ 
sation to take place and the water to be evolved. The ring structure has 
been established by X-ray analysis of several salts. Hydrolysis of the ring 
compound sodium trimetaphosphate by alkali gives the chain compound 
sodium tripolyphosphate. 

3NaH 2 P0 4 ^* Na,P,0, + 3H.O 
Na,PjO, + 2NaOH — Na,P,O, 0 + H 2 0 

Sodium tetrametaphosphate.Na 4 P 4 0| 2 • 4H z O is formed when P 4 O 10 is 
treated with a solution of cold NaOH or NaHCQ 3 . 


Hypophosphoric acid H 4 P 2 0 6 

This contains P in the oxidation state ( + IV) and has one less O atom than 
pyrophosphoric acid H 4 P 2 0 7 . It is prepared by hydrolysis and oxidation of 



OH OH 
20=Jp—P=0 
OH OH 

hypophosphoric 

acid 


14.17 Hydrolysis and oxidation of yellow phosphorus. 
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red phosphorus by NaOCI, or yellow phosphorus by water and air There 
are n0 P-H bonds, and so this acid is not a reducing agent Sere ardour 
acidic hydrogens, and hence the acid is tetrabasic and can form four serie 
of salts, though usually two hydrogens are replaced. It is unusual in that it 
contains a P—P bond. This is much stronger than the P— O— P bond so 
hydrolysis is slow. * 


OH 


H 


OH 


OH 


OH 


OH 


0=P 


OH 


P=0- 0=P—H + HO—P=0 


OH 


OH 

H3PO3 

orthophosphoroiu 

acid 


OH 

H 3 P0 4 

orthophosphor tc 
acid 


THE PHOSPHOROUS ACID SERIES 

The phosphorous acids are less well known. They all contain phosphorus in 
the oxidation state (+III). They have P—H bonds and are therefore 
reducing agents. 

Hydrolysis of P 4 0 6 in a manner analogous to the hydrolysis of P 4 O !0 
already described yields pyro- and orthophosphorous acids, which are both 
dibasic and reducing agents. 

H H H 

I 1 1 

HO—P—O—P—OH HO—P—OH 

II II II 

OO O 

pyrophosphoroui orthophosphoroui 

acid »«d 


Orthophosphorous acid H3PO3 

H,POj contains two acidic H atoms (the OH groups), and one reducing H 
(the P—H hydrogen atom). Consequently only two of the three H atoms 
can ionize, and the acid is dibasic. 

H3PO3 ^ H* + H2PO3 = 1.6 x 10 2 

H 2 PC>3 ^ H + + HPO 2 " K a2 = 7 x 10 7 


Thus H3PO3 can form two series of salts: 

1. Dihydrogen phosphites, for example 

2. Monohydrogen phosphites, for example Na 2 3 


The phosphites are very strong 
solutions they are converted to 
reducing igent. 


reducing agents in basic solutions. In acid 
H3PO3, which is still a moderately strong 


Scanned by CamScanner 


THE GROUP 15 ELEMENTS 


Mctaphosphorous acid (HP0 2 )„ 

This can be prepared from phosphine at low pressure. 

PHj + 0 2 -5, h 2 + HP0 2 

If the formula were HP0 2 , the P atom would only form three J 
form double bonds. In tact, it polymerizes rather than form doSSS* 1 * 
The structure is not known, but by analogy with metanh JT bond s 

may well be a ring structure. m «aphosphorfc acid j, 

Hypophosphorous add H,P0 2 

H 3 PO 2 contains P in the oxidation slate i 4 .n _ *. 

the orthophosphorour acid. It i$ prepared bv ^ n | f 0a,on,le 8thj|| 
phosphorus. Prepared by alkaline hydrolysis of 

p 4 + 30H~ + 3H 2 0 —» P Hj + 3H 2 POj 

The acid is monobasic and a verv «rnni. 

are called hypophosphites and sodium hv UC I"^ a ® ent ' Salts of this acid 
industrially ,0 bleach wood and ^maTe p^r ^" 6 NaH > P0 > is 


OH 

I 

OH. p . H 

H X X° 

t/OHIH \ 


\ 


31 HO— 


V 1 

L 


3H—P—OH 


hypophosphorous 

14.18 Alkaline hydrolysis of phosphorus. ** 

major uses of phosphates 

is mined on a vast scale fl4S 

minerals vary both in miritv - (145 mil,,on tonnes in 1992 > 

production of phosphates in * n c ° m P° s ition. Industry expresses the 
world production of phosphates content. On this basis 

is equivalent to 46.9 million * Ut ^ m ^* on tonnes per year. (This 
uses are as follows: nnes ^ 3 ^4*) The major commercial 

85% For fertilizers such as suner^K^. u 

ammonium phosphate Tvf P , sphatc » tri P*e superphosphate, and 
5% Added ,0 detergents l u d ° " 0t need to >* especially pure. 

polyphosphate in powders' and ’ U fillers) rpainly sodium 
preparations. nd sod,u m pvrophosphate in liq uld 



3% VuV? 10 give ,he acid ,as,e in such as cola 

(pH 2), sarsaparilla and root beer, and as an emulsifier in processed 
cheese, dried milk, sausages etc. 

2 j% For treating metals. 

(a) Rustproofing, by dipping the hot metal into phosphoric acid, or 
heading the ac.d to 90-95X (sometimes with Zn 2 \ Mn 2 * 
Cu or other ions present) in processes such as Parkerizing 
and Bonderizing. Small metal parts such as nuts, bolts and 
screws are treated in this way, and also motor car bodies, refri¬ 
gerators etc. before they are painted. 

(b) Pickling metals, that is removing scale and oxide from the 
surface of iron and steel by dipping in an acid bath. 

(c) ‘Bright dipping of aluminium parts. The parts are connected to 
the anode and electrolysed in a bath of H 3 P0 4 with a small 
amount of HNO* and a trace of Cu(N0 3 ) 2 . This gives a highly 
polished A1 surface protected by a clear layer of Al 2 0 3 . 

1% For industrial uses such as water softening (particularly calgon, and 
trisodium phosphate Na 3 P0 4 ), buffers (NaH 2 P0 4 and Na 2 HP0 4 ), 
paint strippers (Na 3 P0 4 ), and removing H 2 S from gases particularly 
in the petroleum industry (K 3 P 0 4 ). 

1% For making phosphorus sulphides (for matches). 

1% For making organophosphorus compounds: plasticizers (triaryl 
phosphates), insecticides (triethyl phosphate) and petrol additives 
(tritolyl phosphate). 

1% For pharmaceutical products such as toothpaste (CaHP0 4 -2H 2 0, 
or Ca 2 P 2 0 7 in fluoride toothpaste), and combined baking powder 
(Ca(H 2 P0 4 ) 2 which is slightly acidic, mixed with NaHC0 3 ). 

$% Flameproofing fabrics (ammonium phosphates and urea phosphate 

nh 2 conh 2 h,po 4 ). 

The excessive use of phosphates as water softeners^ critidzed by 
environmentalists, since it contributes to water pollution. The P h ^Phate 
in domestic waste water pass through sewage disposa sys em . 

and lakes. There they nourish bacteria, which grow hates may 

the water of dissolved dioxygen, thus killing t e s _ h this c 0 f 
also produce a massive overgrowth of water p an • I 

.i- - b. s £ 

kill the fish. The tendency of the acidic nho c D hites are similar to 

isopolyacids is quite strong. The phosp , a '“ £ e much less stable 

the arsenates and arsenites. Condense ^ rapidly hydrolysed in 

than the corresponding P polyanion:' an * bu , S b has a coordination 
water. Antimonates and antimomtes ar ’ fSb(OH) 6 ]' ion. 

number of 6. and these salts contain the octahedral [Sb(UM W 

SULPHIDES OF PHOSPHORUS 

fpmoerature over 1UU L., « 4 ^ 3 * 
When P and S are heated together to a relative amounts of 

P,s,. P 4 s, and P 4 S|o may be formed depend.ng on 
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T®tra phosphorus 
WsulphkJe P 4 S3 




S 


I 



Tatra phosphorus 
heptasulphida P«S 7 


S 

II 


P 



S 


Tatra phosphorus 
dacasulphide P 4 S 10 


FIgvrt 14.19 Structures of phosphorus sulphides. 


reactants present. Two more compounds P 4 S 4 and P 4 S, have been made 
using other reactions. 

“ 5 UCtUra,,y thc s ? mc as p 40 ,o. but the absence of P 4 S6 is 
. P >ns . l ”^‘ c structu rcs of the other sulphides have no counterparts in 
. C J arc ,oosc, y related to the structures of the oxides PA 
a ^ th a tctra bcdron of.P atoms, with some S atoms bridging 

atoms 3 0mS 3n< * °^ crs occu Pyi f| g apical positions attached to P 


P4S3 

■Phosphorus tnsulphide P 4 S 3 is the most stable sulphide. It is made by 
• rt * rc “ Phosphorus and a limited amount of sulphur to 180°C in an 

earlwJI Ir*? •** so * u h | e in organic solvents such as toluene and 

n dtsulphide; traces of unreacted P can be removed either by re- 
crystallization from toluene or by distillation. P 4 S, is used commercially f° f 
mS a™****- Ma,chcs contain P 4 S 3 , KC10 3 , fillers and glue. The 
2" bctwe , en the "«tch and the sandpaper on the side of the bo* 
rnim^L VK>len ‘ reaction between the P 4 S 3 and KCIO 3 This generates 
enough heat to make the match buret into flame. 


P 4 Sio 

p 4 S 10 is the most important sulphide. It is mado h„ • .. 

phosphorus at 300°C with a slight excess of sulnK u !'" 8 Ilquified whi,e 
about 250.000 tonnes/year. It hydrJ yse “n IS Wor,d [P«***» « 

in a similar way to P 4 O, 0 . ’ forming phosphoric acid 

PaS,,, + 16H 2 0 - 4H,P0 4 + lOHjS 
The most important reaction of P,s.» k • . 

to give dialkyl or diaryl dithiophosphork tids * 5 * * *** Phe "° IS 

P 4 S 10 + 8 EtOH -» 4(EtO ) 2 • P • (S) • SH + 2H 2 S 



s 



Figure 14.20 Structures of thiophosphoric acids. 


The Zn salts of dialkyl and diaryl thiophosphates [(RO) 2 • P • (S)) 2 Zn are 
used as extreme pressure additives in high pressure lubricants such as 
gearbox oil. (EtO). • P • (S) • Na and (EtO ) 2 P (S)-NH 4 are used as 

flotation agents for concentrating sulphide ores such as PbS and 
before smelting. The methyl and ethyl derivatives are used in the manu¬ 
facture of pesticides such as malathion and parat ion. 

(EtO) 2 • P • (S) • SH + Cl 2 -> (EtO) 2 • P • (S) • Cl + HCI + S 
(EtOfe• P• (S)• Cl + NaO• QH 4 • N0 2 - (EtO) 2 • P (S^O- QH. N 

These organophosphorus esters are very J^^gprof^riMhus killing 
prevent the nervous system of insects chen flcal neurotransmitter, 

the insects very rapidly. Acetylcholine ^ napt j c junction. Normally 

produced to transmit nerve impulses a ace t v lcholine once the im- 

the enzyme acetylcholinesterase destroys the acetylene 
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pulse has been transmitted. These organophosphorus esters inhibit 
action of acetylcholinesterase. Malathion and parathion are not t0 ,-' he 
eaten by mammals, since the digestive system breaks the molecule <j ' f 
before it enters the body. ° Wn 


PHOSPHAZENES AND CYCLOPHOSPHAZENES 
(PHOSPHONITRILIC COMPOUNDS) 

Nitrogen and phosphorus show only a slight tendency to catenate 
themselves. The maximum chain length for nitrogen is three in the C h 
N 3 ion, and two for phosphorus in a few compounds such as p 
(Me 2 )(S)P— P(S)(Me 2 ). A few ring compounds exist with four, five 0 ^ 
P or As atoms joined together. s,x 

In contrast to this, N and P may bond together , forming a large nu Ho 
of phosphazenes. In these the P atom is in the oxidation state ( + V) and’ 
is in the (+111) state. The compounds are formally unsaturated 
monophosphazines may be made by reacting an azide with PCI pad hUS 
P(C 6 H 5 ) 3 : 3 ’ ° R ' 0r 

PC1 3 + QH 5 N 3 -> Cl 3 P=NC 6 H 5 + N 2 
p (C*H 5 ) 3 + C 6 H S N 3 -* (C 6 H 5 ) 3 P=NC 6 H 5 + N 2 
Diphosphazenes can be made as follows: 

3PCIs + 2 NH 4 CI —► [CI*P=N—PC1 2 =N—PCIiJ^CP + 8 HCI 
polymers! N ^ P ‘° ge,her ' forn,ia " Cresting series of 


nPCI, + / 1 NH 4 CI 


(NPCI,), + 4nHCI 


» "I ’ ' • ■ ■ I 

(ring compounds cyclophosphazcncs) 

and CI 4 P • (NPCI 2 )„ • NPCI, 

(chain compounds polvphosphawncs) 


3. 4,sX **,Mdfahdy shortTn^r cha n ins C Thr Und t S (NPC,2) '’ where " = 

and 4) contain six or eight atoms Th. r Th m ° St common rm 8 s (« = 3 
‘chair’ and ‘boat’ conformations. ° rmer fla ‘ a " d ,he la,ter exist in 

short chains P 2 NC| 7 ° f P,N 2 a C ° 5 W j' nown - These range from 
2 7- rjN ^U,, P 4 N,CI m to those with up to 10 J units 


Cl 




Cl 


N 


Cl-j/ VFJ-CI 

Cl /l “ 


V 


CI S (Uci N 

/A 

>4.21 Some cyclophosphaxe 


P 

c «"'Ny^ c ' 

Cl N 


CL / N \ Cl y/j 
Cl - /P \ P- C - ' / N 


Cl 


N- 


Tc, 


Cl 


nc compounds. 
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[—N=PC1 2 -J linked together Th e 

called phosphonitrilic halides,’ but COm P°unds were originally 

poly(chlorophosphazenes). are now named systematically 

Cl Cl 

01 Cl 

I 

-P==N. 


Cl-P=N-PCI, 

I I 

ci a 


ci— P ^ N . 

I 

ci 


Cl 


Cl 


Cl- 


Cl 

I 

: N-p 


Cl 

__ I 

N-P=m— p__ N - 


Cl Cl 

Figure 14.22 Some polyphosphazene chain 


a 

compounds. 


Cl 

1 

•PCI 2 

1 


Cl 

1 


Cl-P= 


1 

a 

a 


a 

Cl 


1 

1 


— P==N 

— PCI, 


1 

1 


Cl 

Cl 



ci 

I 

-P= 

I 

a 


o 

i 

■Pa 

I 

Cl 


phaMnesInvolve^e^acememofQ 6 !! ** mOS ‘ y. eactions of <*lorophos- 

oSna d reaeems S»^7l grOUPS T te in,roduced lithium or 

^ttfr cal mfnv H ff S ^ “ may * com P |e,e ' «r partial, and in the 
latter case many different isomers are possible. 


[NPCI 2 ) 3 + 6CH 3 MgI [NP(CHj) 2 ) 3 + 3MgQ 2 + 3MgI 2 
[NPCI 2 ] 3 + eQHjLi — (NPtQHj^Jj + 6LiCI 
[NPCI 2 J 3 + 6NaOR — (NP(OR) 2 ] 3 + 6NaCl 
INPCIjJ, + 6NaSCN -♦ [NP(SCN) 2 | 3 + 6NaCI 


Similar compounds are formed with Br and F. The largest rings formed 
contain 34 atoms in the chlorides and 12 atoms in the bromides. Some of 
the long chain polymers are rubber-like, and those with perfluoroalkoxy 
side groups [NP(OCH 2 CF 3 ) 2 ),, resemble polythene. 

There are many potential uses for the high molecular weight phos- 
phazenes, as rigid plastics, expanded foam, and fibres, since they are 
waterproof and fireproof, and are unaffected by petrol, oil, and solvents. 
They also form flexible plastics which are useful for fuel hoses and gaskets 
since they retain their elasticity at low temperatures. The phosphazenes are 
at present far too expensive for general use. Thin films of poly(aminopho- 
sphazene) are used in hospitals to cover severe burns and other extensive 
wounds since they prevent the loss of body fluids and keep germs out. 

There are two main points of interest in these P—N compounds: 


1. The nature of the bonding is not understood. In all of these phos- 
phazene compounds the (apparent) P—N and P=N bonds are equi¬ 
valent. Their bond lengths are 1.56-1.59 A, which is much shorter than 
the usual single bond distance of 1.77 A. Thus the bonding in these 
compounds is not adequately represented by a system of alternate single 


a 

I 

— PCI, 

I 

a 
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and double bonds, nor can it be explained by pn-pn bondin 
delocalization similar to that in benzene or graphite. It has^!^ 
suggested that a coordinate bond is formed between a filled sp 2 0 w* Cn 
on N and the empty 3d x ^ y 2 orbital on P. This is similar to the P h 
bonding in the oxides of phosphorus except that in the phosphaz * 
the 7i bonds are delocalized over the whole molecule, giving pse^ 
aromatic character. There are objections to this because of the size 
energy of the d orbitals. Alternatively the singly occupied p z orbital 
N may form a three-centre bond with the d xz and d yz orbitals on the h!” 
adjacent P atoms. tWo 

2. The polyphosphazenes form a very extensive series of polymers 
Carbon based polymers are the most extensive, then the silicones u/*’ 
the phosphazenes. ’ n 


ORGANOMETALLIC COMPOUNDS 

Nitrogen forms primary, secondary and tertiary amines RNH 2 , R 2 NH and 
R 3 N which are described fully in organic chemistry texts. 

Many organophosphorus compounds are toxic. Some have been used as 
pesticides, herbicides, and nerve gases. Others play an essential part in life. 

The halides of P, As, Sb and Bi react readily with lithium reagents and 
Gngnard reagents, forming alkyl and aryl compounds. The best known are 
the tertiary phosphine compounds such as triphenyl phosphine. 

PC 1 3 + 3LiEt -► PEt 3 -I- 3LiCl 

triethyl phosphine 

PCI 3 + 3PhMgCI -» pphj + 3MgCl 2 

triphenyl phosphine 

TTie trimethyl derivatives of P, As, Sb and Bi are all attacked by air, but 
e nary compounds are stable. It is not necessary to substitute all three 
ogen atoms,and mixed halo organo species can be made either by using 
an excess of PC1 3 , or by using a weaker alkylating or arylating agent. 

PC1 3 + LiEt EtPCl 2 + LiCl 






•^1 V/l 




^ er ^ vat * ves a rc pyramidal (tetrahedral with c 
posi^n occupjed by a lone pair) like NH 3 . The trialkyls of P and 

with ° n °, r pro P ertics an <* consequently form many comple: 

electron* 1 ■oetals. In these a a bond is formed using the lone pair 
donation jff 1 * * K * s ^ ormc( l by ‘back bonding*, arising from 1 
emotv d orki? ^ rom a ^ d orbital on the transition metal to 

under the oi'H-° n t °u ^ S * '^ ac ^ bonding* is similar to that discus* 

called da-dk bondLg^ 0 *^ 0015, ^ s ' ncc * nvo ^ ves two d orbitals i> 

Some MR 5 dcnvatives can be made in a similar way, and their structu 
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•re similar to that of PC1 5 , that is a trigonal hi 

to have five organic groups bonded to P. Pyram,dal structure. It is rare 
PCI, + C*HjLi -> P (C6 H 5 )CU + Lici 

PC1 5 + 20^50 -* PfC-H \ r\ 

PCI + ^ru . (QH,)2C1 3 + 2LiCl 

PCI, + 3C**. _ PK4U*,, „ 3ua 

Several ions NR*, PR+, AsRI and qkd + 
like the ammonium ion. ^ ex * st w ^ich are tetrahedral 

Treatment of POCl 3 with lithium or nri— a 
triaryl phosphine oxides. ^ rd rea 8 ents yields trialkyl and 
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POCl 3 + 3LiR PORj + 3LiQ 
Phosphate esters play a vital role in many life processes: 

L S^p re l! a ADP + n enfr 0 i 1 by adenosine triphosphate 

j • , AD f + J en ? rg y ) has been described earlier. Nicotinomide 

ademne dmucleot.de (NAD) is important in the degradation of d.ric 
aci in the Krebs cycle for the release of energy. Another ester, 
phosphocreatine, is important in the regeneration of ATP, and others 
control the synthesis and storage of carbohydrates such as glycogen in 
animals. 


2. Phosphate esters are also important in the synthesis of proteins and 
nucleic acids. Deoxyribonucleic acids, DNA, are responsible for the 
storage and transfer of genetic information. The sequence of organic 
bases is specific for each nucleic acid. The DNA molecules comprise 
two strands which are hydrogen bonded together and form a double 
helix. Ribonucleic acids, RNA, are similar, but are usually single 
strands, and form a single helix. Their function is to act as a template to 
produce identical nucleic acids, with the same sequence of bases, and 
the same orientation in space. 

3. Phosphate esters also play a part in photosynthesis, and the conversion 
of surplus sugar into starch in plants. 

4. Phosphate esters are also involved in dinitrogen fixation. 
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PROBLEMS 

1. Use the molecular orbital theory to describe the bonding in N 2 and 
NO. What is the bond order in each case? 

2 . Explain why nitrogen molecules have the formula N 2 , whilst phos 
phorus has the formula P 4 . 

3. Outline how nitrogen and phosphorus are obtained commercially. 

4- Write balanced equations to show the effect of heat on 

NH 4 NO 3 , (C) a mixture of NH,CI and NaN0 2 , (d) Cu(NO ,) 2 • 2H.O, 

(e) Pb(NOj ); 2 and (f) NaN,. 
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5. Give equations to show how the following materials react with 

(a) Li 3 N, (b) CaNCN, (c) AIN, (d) N0 2 , (e) N 2 0 5 , (f) Nc , 3 Wat cr: 

6 . Describe the commercial methods for manufacturing NH 3 and Hm 

How are the starting materials obtained? What are their main ^ 3 ’ 
_ _ ma,r » uses? 


How is HNQ 3 concentrated? 
7. Explain the n bonding in N0 3 


8 . Write an account of the chemistry of the oxides of nitrogen. Desc h* 
and give equations for the preparation of each, and discuss th^ 
properties, reactivity structures and bonding. eir 


9. Describe the conditions under which the following react, and gi Ve th 
products in each case: e 

(a) copper and nitric acid 

(b) nitrous oxide and sodamide 

(c) calcium carbide and nitrogen 

(d) cyanide ions and cupric sulphate 

(e) ammonia and an acidified solution of sodium hypochlorite 

(f) nitrous acid and iodide ions. 


10. Describe the production of hydrazine and hydrazine sulphate. What 
practical difficulties are involved? What are they used for? 

11. Explain what happens and give equations for the reaction of an 
aqueous solution of hydrazine sulphate with: 

(a) an aqueous solution of I 2 in KI 

(b) an alkaline solution of copper sulphate 

(c) an aqueous solution of potassium ferricyanide K 3 [Fe(CN) 6 ] 

(d) an ammoniacal solution of silver nitrate. 

12. Why is NF 3 stable whilst NC1 3 and NI 3 are explosive? 

13. Why is it that NF 3 has no donor properties, but PF 3 forms many 
complexes with metals? Give exaipples of such complexes. 

14. Give a preparation of NH 2 OH and describe one of its major uses. 

15. What are the main ingredients in fertilizers? How are t.-^ey made, and 
what use do the plants make of them? 

16. Compare the oxides of nitrogen and phosphorus. 

17. Substance (A) is a gas of vapour density 8 . 5 . On oxidation at high 
temperature with a platinum catalyst it gave a colourless gas (B). 
which rapidly turned brown in air, forming a gas (C). (B) and (C) were 
condensed together to give substance (D), which reacted with water, 
forming an acid (E). On treatment of (E) with an acidified solution of 

wu B cvolvcd ’ but w hen (E) was treated with a solution of 
H 4 CI a stable colourless gas (F) was evolved. (F) did not support 
combustion, but magnesium continued to burn in it. However, (R 
reac e wit ca cium carbide in an electric furnace, forming a s0 ^ 
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(G), which was slowly hvdmivo,. . 

substance (A), which turned i ^ Wa,er ’ formin 6 a solution of 

stances (A) to (G) and exnlain I " S r . eagent yellow - Identif y sub- 

' ex P la,n ‘he reactions involved. 

18. Compare the structures nf « •. 

10 rive e .• Xldes and su *Ph' des Of phosphorus. 

19. Give equations for the reactin t 

water: (a) P 4 0 4 , (b) P 4 o 10 , (c) 

20. What do you understand by PK - dKhnnA - ■ ! . 

of phosphorus? Give examni Pt . , ond ' n 8 ln ‘he oxides and oxoacids 

the differences in the chemistry of Zogcn aJd ph^?" S ° mC ° f 

sum of the y sin h g e i e P bo°d Mvalent 8 rad- n T^h ' 3 \ l A5k whereas ,he 
1.83 A. Cnt ra< * n °* Phosphorus and oxygen is 

22. Discuss the uses of phosphates in analysis and in industry. 

Se?a„ a d nd bo»S aS ‘ ‘ he S,rUC,UreS 3nd behavi ° Ur ° f phos P ha,es - 

24. Suggest reasons why PF 5 is known but NF S is not. 

25. Give examples of phosphazenes. How are they made, and what are 
their structures? 

26. Give equations for the reactions of the following compounds with 
water: (a) As 4 0 6 , (b) As 4 O 10 , (c) SbClj, (d) Mg 3 Bi, (e) Na 3 As. 
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Group 16 - the chalcogens 


15.1 Electronic structures and oxidation states 


Elements 

Oxygen 

Sulphur 

Selenium 

Tellurium 

Polonium 


Electronic structure 

He] 2s 2 2p 4 

[Ne] ys 2 3 p 4 

Ar] 3d 10 4s 2 4p 4 

[Kr] 4 d"> 5s 2 Sp 4 

Xe] 4 / 14 5d 10 6s 2 6 p 4 


Oxidation states* 
-II (-1) 

-II (») IV VI 

(—II) II IV VI 

II IV VI 
II IV 


sh?wn^ ^^0.h?, ! ^ (generally the most abundant and stable) are 

in normal ££’ bu ‘ ' CSS impor,ant s,a,es are sh ° w " 

parentheses ° s,a,es ,hat are uns,ab| e. or in doubt, are given in 


general properties 

2UL2m5 Ur ClCm ! ntS are non - me,als Collectively they are called the 

ores are ° TC ~ ^ e ' emcn,s > because a' large number of metal 

ores are oxides or sulphides. 

in ‘h S g ? up arc indus,ria «y important. H 2 S0 4 is the 
146 million to em,ca m the chemical industry. A staggering figure of 
ZZTo !Z"Z Wa !t Pt0d , UCed “ 1992 - 0»e hundred million tonnes/ 
1992 54 million to”* ’ mOSt ' s used ‘ n ' ron and steel making. In 

IS H sS One T ° f S Were pr0duccd * •«* of which is used to 
!£od Snd n»ne m w n of Na 2 S0 3 is used, mostly to bleach 

in W1 Worldwide, 1018 200 tonnes of H 2 0 2 were produced 

JSrarSrr? in m « a «* character on descending 

and m increased tendencj of ' he 

in stability of ions O and_S are totally nonSulliTNon-metallic 
character is weaker in Se and Te. Po is markedly metallic, and is also 
radioactive and short-lived. 

Oxygen is a very important element in inorganic chemistry, since it reacts 
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with almost all the other elements. Most of it* 

under the other elements. 5 COTn Pounds are covered 

S, Se and Te are moderately reactive and k 
T hey combine directly with most elements l ” a ' F l ° form dioxides - 
though less readily than with O. As exnert P H t meta,S and non - me ials. 
Te are not attacked by acids except those whinh* non ' meta,s ’ s * Se and 
shows metallic properties since it dissolves in H SO^hp^u^ agents ’ Po 
forming pink solutions of Po". However P« * ?*' H f’ HCI and HN °3- 

the a-emission decomposes the water, and the^o"^ ly radloac,,ve -. and 
oxidized to yellow solutions of Po ,v ' solution is quickly 

Oxygen shows several differences from the rest nf the ... 
associated with its smaller size, higher electrone™.’ H , 8r0 “f’ These are 
suitable d orbitals. Oxygen can use L orh^, 8 ? ; 5 '' a " d ,he lack of 
bonds. The other elements can also fo£ do^blStS^I 
weaker as the atomic number increases. Thus CO, (O=c=on s suhTp 

2? k* «*•.. C!„ polymerifes ltol 

CTe,. unknown. Oxygen also forms strong hydrogen bonds which greatly 
affect the properties of water and other compounds. 

Sulphur shows a much greater tendency to form chains and rings than 
the other elements (see Allotropic Forms). Sulphur forms an extensive 

and unusual range of compounds with nitrogen which are not matched by 
the other elements. 

Whereas O and S have only 5 and p electrons. Se follows after the first 
transition series and has d electrons too. The filling of the 3 d shell affects 
the properties of Ge, As, Se and Br. The atoms are smaller, and the elec¬ 
trons are held more tightly. This is the reason why Se is reluctant to attain 
• the highest oxidation state of ( + VI) shown by S. Thus HNO* oxidizes S to 
H 2 S0 4 (S -I-VI) but only oxidizes Se to H 2 SeOi (Se +IV). 

All compounds of Se, Te and Po are potentially toxic, and should be 
handled with care. Organo derivatives, and volatile compounds such as 
H 2 Se and H 2 Te, are 100 times more toxic than HCN. 

ELECTRONIC STRUCTURE AND OXIDATION STATES 

The elements all have the electronic structure s 2 p 4 . They may attain a 
noble gas configuration either by gaining two electrons, forming M ions, 
°r by sharing two electrons, thus forming two covalent bonds. The electro¬ 
negativity of O is very high — second only to F. The electronegativity dif¬ 
ference between'M and O is large. Thus most metal oxides are ionic and 
contain 0 2 ~ ions, and the oxidation state of O is (-11). Sulphides, sel- 
enides and tellurides are formed with the more electronegative metals in 
Groups 1 and 2 and the lanthanides, and these compounds are some of 
the most stable formed. Compounds are often written as containing S , 
Se 2 ~ and Te 2- . The electronegativity differences suggest t at t ese aim 
Pounds are close to the 50% ionic, 50% covalent borderline. In the same 
as for PCI,, these compounds may be covalent in the solid but ionic 

•n aqueous solution. 
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- -r -*;“ F ‘?SS'‘hTS 2S5 

the electronegativity of S = 2.5 and Cl - 3.5) the 5, shows an o xi dat, 0 „ 

St t addition, the elements S, Se and Te show oxidation states of IV and 
VI, and these are more stable than the t-II sta e. 


ABUNDANCE OF THE ELEMENTS 

Oxygen is the most abundant of all elements. It exists in the free form as 
dioxygen molecules O 2 and makes up 20.9 ^ by volume and 23 ^ by weight 
of the atmosphere. Most of this has been produced by photosynthesis, 
the process where the chlorophyll in the green parts of plants uses the 
sun’s energy to make foodstuffs such as glucose sugar. 

6C0 2 + 6H 2 0 + energy from the sun —► C 6 H l2 0 6 + 60 2 

Oxygen makes up 46.6% by weight of the earth’s crust, where it is the 
major constituent of silicate minerals. Oxygen also occurs as many metal 
oxide ores, and as deposits of oxosalts such as carbonates, sulphates, ni¬ 
trates and borates. Oceans cover three quarters of the earth’s surface, 
and oxygen makes up 89% by weight of the water in the oceans. Ozone 
0 3 exists in the upper atmosphere, and is of great importance. This is 
discussed later. 

Sulphur is the sixteenth most abundant element and constitutes 0.034% 
by weight of the earth s crust. It occurs mainly in the combined form as 
numerous sulphide ores, and as sulphates (particularly gypsum CaS0 4 • 
2H 2 0) h is not economic to mine these to obtain S, although gypsum is 
mine or other uses. The native element can be obtained from volcanic 
ma "y P ,aces ’but these sources are little used now except in Japan 
nrmi /a!k T °™ ** mes U P till the present century volcanic sources 

fburnino rr^v\^° T SOU [ ce * n ear ty times S in the form of brimstone 
the middle°nf ° F ^ um *8 at * on - From the thirteenth century until 

he ~ Ii e n, "„ e,een,h Cen,ur y j ‘ was used ‘O make gunpowder In 
ce " ,ury the ma J° r use has been to make H,S0 4 
The other elements Se, Te and Po are very scarce 

15.2 Abundance of th#» a i 
earth's crust, by weight elements in the 


ppm 


Relative abundance 


O 

S 

Se 

Te 

Po 


455000 
340 
0.05 
0.001 
trace 


1 

16 

68 

74 = 
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- ^action and uses of the elements _ 

EXTRACTION AND USES OF THE ELEMENTS 
Extraction and separation of dioxygen 

™" V b > r «, liquid ,1, 

EiSi t SiqSr^rrr -i- •*"*°*«. > 

■ steel making industry. Gas produced in this 

Z.^rS y C r tamS traCCS ° f Nj and the n °ble^gases,particularly Ar 
Steel cylinders of compressed 0 2 are used for many purposes, including 

oxy-acetylene welding, and in the laboratory. 0 2 is adhered togethe? 
with an anaesthetic for surgical operations. It is sometimes prepared or. a 
small scale in the laboratory by thermal decomposition of KCIO, (with 
Mn0 2 as catalyst), though the product often contains traces of Cl 2 or 
C10 2 . Small amounts of 0 2 as an emergency breathing supply in aircraft 
are produced by heating NaC10 3 : 

nvr'ir\ 1 50 °C MnO] catalyst 

2KCI0 3 -2KC1 + 30 2 

0 2 can also be made by the catalytic decomposition of hypochlorites: 

2HOCI-^-» 2HCI + 0 2 

or by the electrolysis of water with a trace of H 2 S0 4 or barium hydroxide 
solution. 


Uses of dioxygen 

Practically all the elements react with dioxygen either at room temperature 
or on heating. (The only exceptions are a few noble metals such as Pt, Au 
and W, and the noble gases.) Even though the bond energy of 0 2 is high 
(493 kJ mol -1 ) the reactions are generally strongly exothermic, and once 

started often continue spontaneously. 

Dioxygen is essential for respiration (for the release of energy in the 
body) by both animals and plants. It is therefore essential for life. 

C 6 H 12 0 6 + 60 2 6C0 2 + 6H 2 0 + energy 

glucose 

The complex formed between dioxygen and haemoglobin (the red pigment 
in blood) is of vital importance since it is the method by which higher 
animals transport dioxygen round the body to the ce»s wh^u^ly use^ 

(which used a. r ). PIant s ° P „ ^ making p , ants and the o 2 is 
adjacent to. or^are part of ^ afe three advantages , 0 the 

piped from one plant to 

modern methods using 0 2 : continued overleaf 
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i tv.» inversion to steel is quicker. 

2. Larger ingots of pig iron can be used (Bessemer 6 tonnes. BOP ^ 

3. ThTmetal does not form nitrides, which can occur when air is used. 

In some places dioxygen is introduced with air into blast furnaces used 
for the reduction of iron oxides to impure pig iron by coke. The reason 
for using dioxygen is largely to allow the use of some heavy hydrocarbons 
(naptha) as fuels as a partial replacement for expensive metallurgical coke 
Dioxygen is also used for oxy-acetylene welding and metal cutting. Other 
important chemical uses of dioxygen include the following: 

1 . The preparation of Ti0 2 from TiCI 4 . Ti0 2 is used as a white pigment in 
paint and paper and as a filler in plastics. 

2. To oxidize NH 3 in the manufacture of HNOj. 

3. In the manufacture of oxirane (ethylene oxide) from ethene. 

4. As the oxidant in rockets. 


Extraction of sulphur 

World production of S was 57 million tonnes in 1992. The main producers 
are the USA 20%, the former Soviet Union 15%, Canada 13%, China 

11%, and Japan and the former Czechoslovakia 5 % each. There are 
several methods of extracting S: 

Recovered from natural gas and petroleum 48% 

Mined by the Frasch process 19% 

From pyrites 17 <>/ o 

Recovered from smelter gases 12 % 

Mined as sulphur ore 4 % 

Made from CaS 0 4 0.03% 

Large amounts of sulphur are obtained from natural gas plants. In 
Canada these plants arc the major source (90%) of S since the natural gas 
t ere may contain up to 20% H 2 S. It is essential that all traces of sulphur 
compounds are removed from natural gas, since H 2 S has an objectionable 
smell. Furthermore, burning sulphur compounds forms SO-, which has 

IZVr" 3 1 d ' S corrosive a similar way, large amounts of S are 
total! 1! r ° m 01 L refinenes < 60% of ‘he USA total and 37% of the USSR 
derivaHv« er Cracklng lon 8 chain hydrocarbons, H 2 S and other sulphur 
third o ,h.H% rem ° Ved beCaUSe ° f ,heir objectionable smell. About a 

s n s ,osi, c so " w “ “ 

in the i iq a * i. ^ ,s P rov, des a second major source of S 

£as and oil mnre “l! the enormous increase in the use of natural 

by the Frasch pro^Stt'er).^ fr ° m 835 ^ P e,roleum ,han is mined 

Major deposits of native S are found in the USA (the Gulf of Mexico 
States. Louts,ana Texas, and Mexico), and in the upper Vistula region of 
Poland and the Ukraine. These deposits of S were formed by anaerobic 
bacteria which metabolize CaSOj to form H.S and S 


IH^CT'ON ANouses^p tt-i£ ELEMENTS^ 


+ 3 °> - 2SO, + 2H 2 0 
SO, + 2H 2 S - 2H 2 0 + 3S 
These underground deposits of S 

yield S in a very high state of puritan T”* by ,he Frasch P r °«ss, and 
are sunk in a borehole down to i, 1 * process - ,hree concentric pipes 
steam is passed down the outer ninl n<U ; r 6 ro und deposit. Superheated 
pressed air is blown down the innTr ,hlS mel,s the ^Iphur Com- 
the middle pipe. One bore hole ran P ' PC a " d f ° rCes mol,en sulphur up 
This technique was developed to overco™ ° f about half an acre 

areas or through quicksand and for off h 'Acuities of mining in swamp 
in the USA started in the i«S ^ m,nin 8 in Louisia " a - Mining 

S0 2 is obtained as a by JZ', P °' and in ,he ,950s 

ores. The most important metal sulDhid e eX,raC,l ° n °- metals fr ° m sulph ' de 
This is mined in large 

many other places Non . U5iSR ’ S P a,n ’ Portugal, Japan and 

several foJs 5au c ch as ^nS, galena PbS, 

S0 2 is used to make H%n P » a " d N ' S a " yield SO > in smel,ers 
prt^uXn ,l °* ® CC J aUSe ,here are a lar 8 e "umber of metal 

than the othpr ’ his method of producing S currently yields more S 

H0WCVer ’ h is P roduced as SO " -her than 

sulohL m . H r !° Ck a " d abOUt half of ,he ‘ransition metals form 
Sn P f lnerals \ al1 ,hese metals are collectively called chalcophiles. 
borne of the most important sulphide minerals are listed in Table 15.3. 

i nere are vast amounts of S in the form of sulphates dissolved in the 
oceans, and as mineral deposits such as CaS0 4 . There are smaller deposits 
o ot er metals such as FeS0 4 and A1 2 (S0 4 )3. In Poland S0 2 is obtained 
y eating CaS0 4 with coke in a rotary kiln. Production is about 20000 
tonnes/year. The S0 2 is used for the Contact process for the manufacture 
of H 2 S0 4 . Production of elemental S from sulphates is not much used 
since other sources of S are at present cheaper. 

Table 15.3 Some important sulphide ores 


MoS 2 

FeS 2 

FeS 2 

FeAsS 

(Fe,Ni),S 8 

Cu 2 S 

CuFeS 2 

Cu 5 FeS 4 

Ag 2 S 

ZnS 

ZnS 

HgS 

PbS 

As 2 Sj 

As 4 S 4 

Sb 2 S 3 

Bi 2 S 3 


Molybdenite 
Pyrites (fool’s gold) 

Marcasite 

Arsenopyrites 

Pentlandite 

Copper glance or chalcocite 
Copper pyrites or chalcopyrite 
Bornite or peacock mineral 
Silver glance or argentine 
£inc blende or sphalerite 
Wurtzite 
Cinnabar 

Galena or lead glance 

Orpiment 

Realgar 

Stibnite 

Bismuthinite 


continued overleaf 
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2CaS0 4 + C 


1200 "C 


2S0 2 + 2CaO + CO- 


At one time elemental $ was obtained in large amounts as a b 
the production of coal gas. Since natural gas has replaced coal P 0<iuc| '» 
gas) in many developed areas, this source has largely disarm 8as ( ,0 Wn 
in less developed areas. Fpeared exce pi 


Add rain and S0 2 

Coal typically contains 2% S, and may contain up to 4% This 
a huge potential source of S, which could be extracted as SO re f presenls 
flue gases. Worldwide about 4530 million tonnes of coal T ,he 

«/ * < ^' The lar 8 est us e *s in coal burning electricity generating | UCed 
Worldwide this produces about 90 million tonnes of S fhat is im P ! ms ' 
tonnes of S0 2 . (In the UK 85 million tonnes of coal'are usedYn i °" 
stations, producing about 2.4 million tonnes per year of S or 4 8 P ^T ef 

S ° 2 , ) Because '* is uneconomic to remove the S0 2 only"!! 0 " 
1 /o of this total tonnage is recovered as H,S0 4 . The majority i dischi 
into the atmosphere, where it causes acid rain. harged 

a, ">°spheric chemistry of acid rain is not fully understood SO k 
oxidized by ozone or hydrogen peroxide to SOj. This reacts with wateiYr 
„ ydr ® Xy radicals to give H 2 S0 4 . Ammonium sulphate is also formed and 
an be seen as an atmosphenc haze (sometimes described as an aerosol of 
fine particles). Wet deposition occurs after raindrops become nucleated 

riJLifi-T par,iclcS , of SO ’ or (NH4) 2 S0 4 , but Sofdoes not dissolve in 
arn0 “ nts '" s,ead SO, is deposited by dry deposition, and is 
directly on both solid and liquid ground surfaces. In 1982 UK 
deposmon was about 50 units (kg hectare- year-) of dry and 5 units 

. ? name ac *^ ra * n is misleading since it refers to both wet and 

dry deposition. 

Inevitably power stations are located (and S0 2 is emitted) in densely 
popu ate regions. Using high chimney stacks to disperse the gas merely 
moves the problem on to someone else. For example. 10% of SO ; pollu¬ 
tion in Sweden actually comes from Sweden, but 80% comes from the 
industrial regions of Europe (East and West Germany, Poland. Czecho- 
s ova J 4) an 10 /<> from Britain. Acid rain causes damage to trees, plants. 

an<y caus€s respiratory ailments in man and animals. 
ADout 60 /» of atmospheric S0 2 comes from coal fired power stations. 
Most of the rest comes from oil refineries, oil fired power stations and 

Total elimination of S0 2 pollution is not possible for both economic and 

technical reasons. However, we have the technology to reduce pollution to 

a low figure. The methods used are scrubbing the flue gases with a slurry of 

Ca(OH) 2 , or reducing the S0 2 to S using H 2 S and an activated alumina 
catalyst. 
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Ca(OH) 2 + SO, _> CaSO 

Uses of sulphur --- 

S is an essential though minor constituent of cer,* 
in the amino acids cystine, cysteine and m P .hf pro,eins - " » present 
World production of S was 57 mili?l? ,ne - 
this is converted to SO,, then to SO, and W2 ' Almost 90% of 

of the H,S0 4 produced is used to make fertilizer! 0 -^ 04 ’ Six,y per cem 
to make a variety of other chemicals. SulohitJf e L remainder * used 
HSOj and S0 2 are important for bleachino U3 ’ hydro 8 en sulphites 
The 10% of S for non-acid purposes is ,.cia 

to make carbon disulphide CS^hich is ufedVoTakTcn 
rayon. Sulphur reacts with alkenes and fnrmc i u and vlscos e 

.-*«*»• «■ a toporu., r— 

selenium Ml dehydrogemie saiumed IsMoeiboni om.,^ P “”, 
phur are in the manufacture of fungicides in«^» a ° lh ? Uses of su ‘ 
Gunpowder is an intimate mixture of saltpetre NaNO (wT£ Wder ; 
(15%) and sulphur (10%). It was discovered by Roger BaL in uIsTnd 
was the first explosive which could propel a bullet or cannon ball It’ was 
first used for this purpose at the Battle of Crecy in 1346. It was then used 
in land and sea warfare for 500 years until better explosives such as gun- 
cotton, nitroglycerine and cordite were discovered. 

Extraction and uses of selenium and tellurium 

Se and Te occur among sulphide ores* and are obtained in concentrated 
form from anode sludge after the electrolytic refining of copper. This 
sludge also contains the platinum metals, and Ag and Au. Se and Te are 
also obtained from flue dust produced during the roasting of sulphide ores 
such as PbS, CuS or FeS 2 - The dust is trapped by means of an electrostatic 
precipitator. Both elements also occur in the native form together with S. 

World production of Se metal was 1670 tonnes in 1992. Most is used to 
decolorize glass, though Cd(S.Se) is used to make pink and red coloured 
glass. Se is used in Xerox-type photocopiers to make the photoreceptor 
to capture the image. The photoreceptor is a thin film of Se on an Al sup¬ 
port. The photoreceptor is sensitized electrostatically by a high voltage, 
and then an image is focussed on it as on the film in a camera. Areas ex¬ 
posed to light lose their electrostatic charge. Toner powder sticks to the 
! areas still charged, and the powder is transferred to a sheet of paper and 
! heated to fuse the powder to the paper. Thus a copy of the original image 
I is obtained. The photoreceptor is then wiped clean, sensitized again, an 
! reused. Selenium is an essential element in the body m 1 race amounts 

1 an(i a component in a number of important enzymes. ^ However 

Peroxidase, which protects cells against attack by peroxide. However, 

S e is toxic in larger quantities. overleaf 
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World production of Te metal was 152 tonnes in 1992 The m 

of this is used in making steel and non-ferrous alloys,' for ewT? 3 " 
harden lead. J example to 

Both Se and Te compounds are absorbed by the human 
excreted as foul smelling organic derivatives in breath and sweat ^ ** 

Discovery and production of polonium 

Polonium was discovered by Marie Curie by processing very l aree , m 
of thorium and uranium minerals, and separating fhe de «,f Dr ^° UntS 
Polonium is one of the decay products (see ‘Radioariiv, h V P duc,v 
Chapter 31). The separationZ 


s"Pb —2— 2 i?Bi 

half life half life 

22.3 yean 5.0 days 


2 £Po 


half life 
138.4 days 


%Pb 


Marie Curie shared the award of a Nobel Pri»e f nr di. 

Becquerel and Pierre Curie in 1903 for work on W " h H A 

then a new technique In 1911 «h<* a a dioactivity, which was 

for ChomUr^for Nob " K ‘< <"» 

IS named after Marie Curie’s home rountrYpohlnd Polon ad,U,n ' P ° l0niUm 
artificially in gram quantities f,., m K - * , , and ' " o onlurn ls now made 

-7,Bi + Ifl _ 2»> Bj _ ;m po + _,, e 

2 i"Po. bunhis i^nTtTn d sro h e 8 m!u« dl °rh iVe ' The mOSt S,able iso,ope 15 

• «—k»*compoTS "%£££• “of IMd*y> TV 

compounds in aqueous solutions ti. pllca,es an > studies of polonium 
well known. "°" S 71,05 ‘he chemistry of polonium is no. 

structure and allotropy of the elements 

T * *" ■*«»*. ">•> »they ..loin non 

Oxygen 

^oxygen o“?s YatTasTdYtomY *T“’i °’ and ozone °‘ 

a gas. (S. Se. Te and Pn hu molecule, which accounts for it heme 

are solids at normal temperamTeY) ThT^'r 11 S,ruc ' ures ’ e - e V ^ 
not as simple as it mieht at fim . ’ lhc in the 0 : molecule 

bonds, then all* the electron* ‘ iP P? a 1 r * ,f the mo,e cule had two covalent 
he diamagnetic. WOXl P a ' re d and the molecule should 

•0- + -0;_ + .q: 

• vi . O : or 0=0 

Dioxygen is paramagnetic and therefor „ . ■ 

explanation of this phenomenon was un P alred electrons. The 

- one of the early successes of the 
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Energy/kj 
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molecular orbital theory. The structure is described I*** *n , 
molecular orbital treatment’ in Chapter 4) SCe Exam P ,es of 

Liquid dioxygen is pale blue in colour, and the soiirf u . .. _ 

colour arises from electronic transitions which excite the “ b “T ^ 
(a triplet state) to a singlet state. This transition is ‘forbidd™^ ^ 
ous dioxygen.. In liquid or solid dioxygen a sinele nhn»« dd „‘1 gase ' 

two molecules simultaneously and promote both to excTted "states 7 b 
sorbing red-yellow-green light, so 0 2 appears blue. The origin of tte 
excited singlet states in 0 2 lies in the arrangement of electrons in the 
antibonding ji 2 p y and ji 2p, molecular orbitals, and is shown below. 

Second excited state **Py **P* 

(electrons have 
opposite spins) 

First excited state 
(electrons paired) 

Ground state 
(electrons have 
parallel spins) 

Singlet O 2 is excited, and is much more reactive than normal ground 
state triplet dioxygen. Singlet dioxygen can be generated photochemically 
by irradiating normal dioxygen in the presence of a sensitizer such as fluor¬ 
escein, methylene blue or some polycyclic hydrocarbons. Singlet dioxygen 
can also be made chemically: 

EtOH 

h 2 o 2 + ocr-► o 2 ('a*) + h 2 o + cr 

Singlet dioxygen can add to a diene molecule in the 1,4 positions, rather 
like a Diels-Alder reaction. It may add 1,2 to an alkene which can be 
cleaved into two carbonyl compounds. 

Singlet dioxygen may be involved in biological oxidations. 

Ozone O 3 is the triatomic allotrope of oxygen. It is unstable, and de¬ 
composes to 0 2 . The structure of O 3 is angular, with an O—O O bond 
angle of 116°48\ Both O—O bond lengths are 1.28 A, which is intermedi¬ 
ate between a single bond (1.48 A in H 2 0 2 ) and a double bond ( 1.21 A in 
0 2 ). (The structure of 0 3 is described near the end of Chapter 4.) The 
older valence bond representation as resonance hybrids is now^ seldom 
used. The structure is described as the central O atom using sp hybrid 
orbitals to bond to the terminal O atoms. The central atom has one lone 
pair, and the terminal O atoms have two lone pairs. This leaves four elec- 
trons for it bonding. The p, atomic orbitals from the three atoms form 
three delocalized molecular orbitals covering all three atoms, n 
bonding, one non-bonding, and one antibonding. T e our n 

the bonding and non-bonding MOs and thus contribute o"e delocal,zed^n 

bond to the molecule in addition to the two o bonds. Thus* 
is 1.5, and the it system is described as a four-electron r 


ch 2 

\ 

CH 


CH 2 + singlet 

/ 

CH 


O— 



9 

it 


Sulphur 

Sulphur has more allotropic forms than any 
forms arise partly from the extent to which 


other element. These different 
S has polymerized, and partly 
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mSe .- 2 S,ruc,ure of S, 


from the crystal structures adopted. The two common crystal!’ 
are a or rhombic sulphur which is stable at room temperature ^ e f °rnis 
monoclinic sulphur which is stable above 95.5 °C. These two form 3 "* 1 ^ ° r 
reversibly with slow heating or slow cooling. Rhombic sulph^ Chan8e 
naturally as large yellow crystals in volcanic areas. A third modV^^ 
known as y-monoclinic sulphur is nacreous (looks like mother O f lion 
It can be made by chilling hot concentrated solutions of S in solv! , PCarl) 
as CS^ toluene or EtOH. All three forms contain puckered 1 h"' SUcfl 
a crown conformation (Figure 15.2), and differ only in the overa 11 ? ? 
of the nngs in the crystal. This affects their densities: packln 8 


a-rhombic 

P-monoclinic 

Y-monoclinic 


2.069 g cm ~ 3 
1.94-2.01 gcm ~ 3 
2.19gcm~ 3 


Engel s sulphur (e-sulphur) is unstable and contains S rinoc 

in the chair conformation. It is made by pouring Na S o Ji 

concentrated HCI and extracting the S with toh^L i, ° 3 " ,nl ° 

as follows: oluene. It can also be made 

H 2 S 4 + S 2 C 1 2 -> S 6 + 2HCI 

Several other rings S-» S S q c o 
Schmidt and his group TTie’v a ~ and S 2<> have been made by 

ether between hJdroL^X^rf * ° b,3ined by 1 : 1 reactions in dry 
•he required number dichlorides with 

H 2 s» + SjCI 2 -» s,„ + 2HCI 
H 2 S« + S 4 CI 2 S | 2 + 2HCI 

nail of these ring compounds the S c a- 

bond angle S—S—S is hTthe ra ,T, S dls,ance is 2.04 - 2.06 A. and the 

Plastic or X-sulphur !s ob,a h C k K ' ,08 ° ^ are all soluble in CS 2 
Several other forms can be2E a w P ° Uring lj quid sulph ir into water, 
e fibrous, laminar, or rubber-lik^ 6 . } t ' uench 'ng molten S. These may 
stex. TTiese are all metastable ..a* 30 3 con, mercial form is called Cry¬ 
ing. Their structures containsDiraf'h 0 - 1 ° ,he a (cydo-S*) form on stand- 
nngs. n,ain spiral chains, and sometimes S* and other 

Sulphur melts to form a moK i 

colour darkens. At 160®C the S* tin < * UI K' As ,hc ,e mperature is raised the 
po ymerize, forming long chain* nf rCa ^’ and the diradicals so formed 
the physical properties change di«-« *° 3 mi,lion atoms. This makes all 
sharply, and continues to rise UD ii C? OUSIy ' The viscosity increases 
reak, and shorter chains and fines a * higher temperatures chains 
decrease up to 444 °C, the boiline /y 0rmed * which makes the viscosity 
mostly of S 8 rings, but contains 1 * 2 * I • The vapour at 200 °C consists 
mainly consists of S 2 molecules. ° f ^ mole cules. At 600 °C the gas 

The S 2 molecule is paramagnetic u. 

" d b,ue coloured like 0 2 , and p 
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sumably has similar bonding. S-, eas U ct a ki 0 

of S 2 is used in the quantitative analysis of S m t0 22 ®?° C ‘ 11,6 stability 
in a reducing flame, and the colour £^xched ^ “* burn ‘ 

photometncally. S, and S 4 are also known. 2 * measured 

Selenium, tellurium and polonium 

Six allotropes of selenium are known. Interest in these is because Se is 
used in electronic devices. These include capturing the imaee ^ern*! 
type photocopiers, as rectifiers (to convert alternating current into direct 
current) and as light emitting diodes (LEDs). There are four'red forms 
Three different red non-metallic forms are known containing Se* rings. 
They differ in the way the rings are packed in the crystal. An ‘amorphous- 
red form contains polymeric chains. There are in addition two grey forms 
The most stable is the grey metallic form, which contains infinite spiral 
chains of Se atonrts with weak metallic interaction between adjacent chains. 

A black vitreous form of Se is commercially available, and is made of large 
irregular rings with up to 1000 atoms. 

Tellurium has only one crystalline form, which is silvery white and semi- 
metallic. This is similar to grey Se, but has stronger metallic interaction. 

Polonium is a true metal. It exists as an a-form which is cubic and a 
P-form which is rhombohedral. Both forms are metallic. 

Thus there is a marked decrease in the number of allotropic forms from 
S to Se to Te. There is an increase in metallic character down the group. 
The electrical properties also change from insulators (O and S), to semi¬ 
conductors (Se and Te), to metallic conduction (Po). The structures change 
from simple diatomic molecules, to rings and chains, to a simple metallic 
lattice. 

Sulphur dissolves in oleum, giving brightly coloured solutions, which 
may be yellow, deep blue, or bright red. These contain cations [S„] 
[S 4 ] 2+ is bright yellow, and the X-ray structure shows it is square planar. 
It is isoelectronic with S 2 N 2 . [S„] 2 * is deep blue and the structure is cyclic. 
The red colour was thought to be due to [S| 6 ) . but has recent y en 
shown to be due to (S 19 p. Selenium and tellurium aiso d.ssolve in 
oleum, forming [Se„] 2+ , (Te 4 ] 2+ , (Se g ) 2+ and, in addition, (Se,„] and 

[Te s ) 4+ 

CHEMISTRY OF OZONE 

O, is an unstable, dark blue diar " a 8 ne, ^ C j^'and bWnmMt^sVal^r^ 
due to intense absorption of relight (X tjcular | y important since 

strongly in the UV region (X 255 nm). P which absorbs harmful UV 

there is a layer of Oj in the upper atmo P ^ |he earth . The use 0 f 
radiation from the sun, thus protecting p P and their su bsequent 
chlorofluorocarbons in aerosols and .. ^oles j n the ozone layer 

escape into the atmosphere, is blamed o allow an excess- 

over the Antarctic and Arctic. It is feared that this 
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Square planar 
S 2 / Se/, Te 2 / 





Figure 15,3 Various S 
cations. 
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ivc amount of UV light to reach the earth which will cause skin cancer 
(melanoma) in humans. Oxides of nitrogen (from car exhausts) and the 
halogens can also damage the 0 3 layer. (See Chapter 13.) e 

0 3 has a characteristic sharp smell, often associated with sparking electri. 
cal equipment. The gas is toxic, and continuous exposure to concentration 
of 0.1 ppm must be avoided. 

0 3 is usually prepared by the action of a silent electric discharge upon 
dioxygen between two concentric metallized tubes in an apparatus called 
an ozonizer. Concentrations of up to 10% of 0 3 are obtained in this wav 
Higher concentrations or pure 0 3 can be obtained by fractional liquifac- 
tion of the mixture. The pure liquid is dangerously explosive. Low con¬ 
centrations of 0 3 can be made by UV irradiation of 0 2 . This occurs in the 
atmosphere when photochemical smog is formed over some cities for 
example over Los Angeles or Tokyo. The photochemical change is useful 
for producing low concentrations to sterilize food, particularly for cold 
storage. 0 3 can also be made by heating 0 2 to over 2500 °C and quench¬ 
ing. In all of these preparations oxygen atoms are produced, and these 
react with 0 2 molecules to form 0 3 . 

0 3 is also used as a disinfectant. For example, it is used to purify drink¬ 
ing water, since it destroys bacteria and viruses. Its advantage over chlorine 
for this purpose is that it avoids the unpleasant smell and taste of chlorine 

since any excess O a soon decomposes to 0 2 . For similar reasons it is used 
to treat water in swimming pools. 

The amount of O, in a gas mixture may be determined by passing the 

/“ “ lu,l0n bu ? ered a borate buffer (pH 9.2). The iodine 
that is liberated is titrated with sodium thiosulphate. 

Oj + 2K* + 21' + H 2 0 I 2 + 2KOH + O z 
volumemeisured 835 m3y ** decomposed ca 'alytically, and the change in 


20 3 _ 30 2 
(2 volumes) ( 3 volumes) 


AG — —163 kj mo | 


position is exothermic and iscaulysed"h deCOmposes to °> The decom 
liquid often decompose explosively The ma "?. maler,als The sol,d and 
when warmed, providing catalysts and ^UvT decom P° ses slowl >’' even 
tremely powerful oxidizing agent second°' IS a " **' 
and reacts much more readily than dioxygen" * *° ^ OX,dlzlng P° wer ’ 

3PbS + 40 3 -> 3PbS0 4 
2N0 2 + 0 3 —» N 20 -S + o 2 
S + h 2 o + O, -► h 2 so 4 

2KOH + 5 O 3 — 2KO, + 50, + h 2 0 

Potassium ozonidc KO, is an oranee colour^ , . 

magnetic Or ion. O, adds ,0 

cu or g‘<nic compounds at room 



^l^noNsTxr^^T^r-- 

-- (+IV) AND r+vn 


-- - •«/» V^I V J A INU (+VI) 

temperature, forming ozonides Th 

* C ‘ eaV , e r d ,0 » ld «Mes and ke,ones'nih, t n0t USUa "y »hted. but can 
carboxylic acids. elution, or oxidized by air to give 

Table 15.4 Physical properties of the , u - 


Melting Boiling 

noint 


Covalent 

radius 

(A) 

0.74 

1.04 

1.14 

1.37 


Ionic 

radius 

M 2 ~ 

_(A)_ 

1.40 

1.84 

1.98 

2.21 


First 

ionization 

rie e i nergy , 

(kJ mol” 1 ) 

1314 

999 

941 

869 

813 


Pauling’s 

electro¬ 

negativity 


point 


point 


(°C) CC) 


- £.U 

Values for covalent radii are for two-coordination. 
STANDARD REDUCTION POTENTIALS (VOLTS) 


-229 

114 

221 

452 

254 


-183 

445 

685 

1087 

962 


Acid solution 


Oxidation state 
+VI +V 


+IV +III -fill 


+11 +1 0 


sol 


- 0.22 


s 2 o l 


4-0.57 


+0.51 


S 4 0 


2 „ 4-0.08 2 .+047 


+0.69 if *^ +1.78 
-H 2 O 2 


+ 1.23- 
+0.14 


HiO 


H?S 


SeOj - 
H 6 Te0 6 


P 0 O 3 


+0.17- 
+ 1.15 


+0.92 


+ 1.02 


+ 1.52 


H 2 Se0 3 


TeO : 


-P 0 O 2 
+1 . 16 ■ 


+0.45- 

+0.74 


+0.57 


— +0.53 
+0.72- 


-0.40 


-0.72 


H,Se 


H 2 Te 


+0.80 


+0.65 


- 1.00 


H->Po 


* Disproportionates _____ 

, Hiffprent oxidation stales of S 
The difference in free energy between e oxidizing than the 

is not very great. PoO, (Po(+VI)) « •PP^^^oj- and tellurate 
(+VI) states of the other elements, and selena 
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TeO; have a much greater oxidizing power than SO 4 . The difference 
between the oxidizing power of the ( + IV) states of polonite, telluric 
selenite and sulphite are smaller. The potentials also show the decrease in 
stability from H : 0 to H : S to H,Se to H 2 Te to H 2 Po: the last three are 
thermodynamically unstable. 

OXIDATION STATES (+11), (+IV) AND (+VI) 

Oxygen is never more than divalent because when it has formed two co¬ 
valent bonds it has attained a noble gas configuration, and there are no 
low energy orbitals which can be used to form further bonds. However 
the elements S, Se, Te and Po have empty d orbitals which may be used for 
bonding, and they can form four or six bonds by unpairing electrons. 


S. Se or Te atom 
Ground state 


0 


fi 


two unpaired electrons, therefore can form two bonos 
four electron pairs, hence tetrahedral structure with 
two positions occupied by lone pairs 


Excited state 


0 


four unpaired electrons, therefore can form four bonds 
five electron pairs, hence trigonal bipyramid with 
one position occupied by lone pair 

Further excited [f [ 
state 1 — 1 


six unpaired electrons, therefore can form six bonds 
six electron pairs, hence octahedral structure 

« J S >l !h H>Un u S °u ^ w ' t * 1 O arc typically tetravalent. The ( + IV) 

the ma ° WS 1 oxidizing and reducing properties. Fluorine brings out 
OX,da,,on s,a,e °f ( + VI). Compounds in Ihe < + Vlj state 
on descendTn n6 .K rOPCr,ICS T The h, r her ,,x 'daiion states become less stable 
they are covalent* ® r ° U ^’ ^* ,ese compounds are typically volatile because 

BOND LENGTHS AND pn-dn BONDING 

be expected^™ a*« S ° r and arc much shorter than might 

localized double bonds'^ Thn'd CaSeS ^ ey may be formulaIed 34 
a a bond is formed hv ih» . j° nd ' S ormed ,n ,he usual way- ln addl " on 
with a d orbital on the sulnhi** 8 - ovcrla P of a p orbital on the oxygen 
bonding is similar to ihn f ^ ’• ® lv,n * a P*-dn interaction. This pn-tln 

and is in contrast to th t f ° Und ‘ he oxides and o*oacids of phosphorus, 
in cthene (Figure 15 4)^ m ° fe common pn-pn type of double bond lound 

To obtain effective nn //- 

P overlap, the size of the d orbital must he 
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similar to the size of the p orbital. Thus sulphur forms stronger % bonds 
than the larger elements in the group. On crossing a period in the periodic 
table, the nuclear charge is increased and more s and p electrons are 
added. Since these s and p electrons shield the nuclear charge incom¬ 
pletely, the size of the atom and the size of the d orbitals decreases from 
Si to P to S to Cl. The decrease in the size of the 3 d orbitals in this series 
of elements leads to progressively stronger pn-dn bonds. Thus in the 
silicates there is hardly any pn—dn bonding. Thus SiO< units polymerize 
into an enormous variety of structures linked by Si—O—Si o bonds.' In Figure 15.4 pn-dn overlap, 
the phosphates, k bonding is stronger, but a large number of polymeric 
phosphates exist. In the oxoacids of sulphur, 71 bonding is even stronger 
and has become a dominant factor. Thus only a small amount of pol¬ 
ymerization occurs, and only a few polymeric compounds are known 
with S—O—S linkages. For chlorine, pn-dn bonding is so strong that 
no polymerization of oxoanions occurs. 

In cases where there is more than one n bond in the molecule it may 
be more appropriate to explain the n bonding in terms of delocalized 
molecular orbitals covering several atoms. 



DIFFERENCES BETWEEN OXYGEN AND 
THE OTHER ELEMENTS 

Oxygen differs from the rest of the group in that it is more electronegative 
and therefore more ionic in its compounds. 

Hydrogen bonding is very important for O compounds, but it is only 
recently that weak hydrogen bonds involving S have been proved to exist. 

• The absence of higher valency states and the limitation to a coordination 
number of 4 are a consequence of the limitation of the second shell to eight 
electrons. The other elements can have a coordination number of 6 by 

using d orbitals. .. 

Oxygen can use pn orbitals to form strong double bonds. The other 

elements can also form double bonds, but these become weaker as the 
atomic number increases. 


GENERAL PROPERTIES OF OXIDES 

Practically all of the elements react with dioxygen to form oxides. There are 

several wavs in which oxides may be classified, depending on their struc 
several ways in wmcn / consider the classification according 

ture or their chemical pr°P er,l «- Fl jd are classified as normal 

to their geometric structure. In this way oxiuc 

oxides, peroxides or suboxides. 


Normal oxides . . 

u m ran be deduced from the empirical 
In these, the oxidation number °f M . of oxyg en as (-11). These 
formula M,O y , taking the oxidation conta j„ only M—O bonds, 

oxides, for example H 2 Q, MgO and Al 2 0 3 , contain y 
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These contain more oxygen than would be expected from the 
number of M. Some are ionic and contain the peroxide ion o 2 ~ ati ° n 
example those of Group 1 and 2 metals CNa 2 0 2 and BaO ) nj ’ f ° r 
covalently bound and contain —O—O— in the structure 2 for are 
H 2 0 2 (H—O—O—H), peroxomonosulphuric acid and peroxodUurr^ 


2H+ 


O 


O—S—O—O 


O 


2 - 


2H* 


O 


O 


o— S —O—O— s - 


0 


peroxomonosulphuric acid 


° o 

peroxodisulphunc acid 


2 - 


Pcroxo compounds are strong oxidizing agents, and are hydrolysed bv 
water to give H 2 0 2 . 1 y 


h 2 so 5 + h 2 o — h 2 so 4 + h 2 o 2 

Superoxides, e.g. K0 2 , contain more oxygen than would be expected 
(see Chapter 9). ^ 


Suboxides 

Here the formula contains less oxygen than would be expected from the 
oxidation number of M. They involve M—M bonds in addition to M—0 
bonds, for example 0=C=C=C=0. 

A second method of classifying oxides depends on their acid -base prop¬ 
erties. Thus oxides may be acidic, basic, amphoteric or neutral, depending 
on the products formed when they react with water. 

Basic oxides 

Metallic oxides are generally basic. Most metal oxides are ionic and con¬ 
tain the O ion. The oxides of the more electropositive metals, Groups 
1 and 2, and the lanthanides are typical. A large amount of energy is re¬ 
quired to form an ionic oxide. This is because the 0 2 molecule must first be 
broken into atoms, and then the energy (the electron affinity) required to 
add two electrons to form O 2 is also large. Thus ionic oxides are formed 
by compounds with a high lattice energy to offset this. Thus ionic oxides 
typically have high melting points (Na 2 0 1275 °C, MgO 2800 °C, La 2 Oi 
2315 °C). When they react with water the O 2 ' ion is converted into OH 

Na^O 4- H 2 0 2NaOH 

However, many metal oxides with formulae M 2 0 3 and M0 2 , though ionic, 
do not react with water. Examples include TI 2 03 , Bi 2 0 3 and Th0 2 These 
react with acids to form salts, and so are basic. Where a metal can exist 
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general properties of oxides 

in more than one oxidation state and thus form more than one oxide. 
e .g. CrO. Cr ; 0,. CrO,. PbO. PbO,. and Sb 4 0„ Sb 4 O ul . the lowest oxi¬ 
dation state is the most tonic and the most basic. Thus CrO is basic 0.0, 
amphoteric and CrO, acidic. 
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Amphoteric oxides 

Many metals yield oxides which are amphoteric, and react with both strong 
acids and strong bases. Examples include BeO, Al 2 0 3 , Ga 2 0 3 , SnO, PbO 
and ZnO. 

A1 2 0 3 + 6HCI -► 2AI 3+ + 6Cr + 3H 2 0. 

A1 2 0 3 + 20H- + 3H 2 0 - 2[AI(0H) 4 )- 
PbO + 2HN0 3 -► Pb 2+ + 2N0 3 ‘ + H 2 0 
PbO + OH’-[PbO OHJ- 

Acidic oxides 


Non-metallic oxides are usually covalent. Many occur as discrete mol¬ 
ecules (C0 2 , NO, S0 2 , Cl 2 0) and have low melting and boiling points, 
though some, such as B 2 0 3 and Si0 2 , form infinite ‘giant molecules' and 
have high melting points. They are all acidic. There are many are the 
anhydrides of acids. 


B 2 0 3 + 3H 2 0 - 2H 3 BO, 
N 2 O v + H 2 0 -> 2HN0 3 
P 4 0,o + 6H 2 0 -> 4H 3 P0 4 
S0 3 + H 2 0 -♦ H 2 S0 4 


Others which do not react with water such as Si0 2 do react with NaOH, 
thus showing their acidic properties. In cases where the element exists in 
more than one oxidation state, e.g. N 2 Ot and N 2 0 5 . S0 2 and SOv the 
higher oxidation state is the most acidic. 


N 2 0, + H,0 — 2HN0 2 
!SLO< + H-»0 — 2HNO, 


N.O, contains N(.+ lll) and N : 0, contains N( + V). HNQ* is a stronger 

acid than HNO : . This may be th us weakening 

state of the central atom the more it will attract eieciiu 

anv O—H bonds and facilitating the release of H 


Neutral oxides 

A few covalent oxides have no acidic or 


basic properties (N 2 0, NO. CO). 


Reactions between oxides 

More important than the reaction of an 
to. and its reaction with, other oxides. If 


oxide with water is its relation 
oxides are arranged in a series 
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from the most basic to the most acidic, then the further apart two oxides 
are in the series, the more stable the compound formed when they react 
together. This can be put on a quantitative basis by considering the changes 
in standard free energy. 



Na 2 0( S ) 

+ H 2 0 ( i> -» 2NaOH (S ) 


AG° 

-376 

-234 

2(-376) 

AG = -142 kJ mol -1 

AG° 

CaO (s ) 

+ H 2 0(|) —► Ca(OH) 2 ( S ) 


-602 

-234 

-895 

AG = — 59kJmor‘ 

AG° 

Ah03(s) 

+ 3H 2 0 (I) -. 2AI(OH) 3(l) 


-1572 

3(-234) 

2(—1138) 

AG = -2 kJ mol' 1 


From the AG values, Na 2 0 is the most basic and Al 2 0 3 the least basic. In 
fact Na 2 0 is strongly basic and A1 2 0 3 is amphoteric. From ihe free energy 
values for the hydroxides, NaOH is chemically the most reactive and 
Al(OH) 3 the most stable. This is also true in the following reactions: 


AG° 

CaO (s) 

-602 

+ C0 2(g) —* CaC0 3(s) 

-393 -1129 

AG = 

— 134kJ mol 

AG° 

CaO( S > 

-602 

+ N 2 O s(g) —> Ca(N0 3 ) 2(s j 
+ 134 -740 

AG = 

-272 kJ mol 

AG° 

C a O (s) 

-602 

+ S0 3(g) —» CaS0 4 ( S ) 

-368 -1317 

AG = 

-347 kJ mol 


From the AG values, S0 3 is the most strongly acidic oxide N,0, is the 

sa£ fo7mS St fTim WCakeSt ' From ,he free energy values of the 

TaSn • .h ’ 3 3 ? 2 IS * eas * stab ' e an d the most reactive, whilst 

C.aS0 4 is the most stable and the least reactive 

The order of acidic strength of oxides can be obtained as follows: 

JC 2 0, CaO, MgO, CuO, H 2 0, SiO,, CO,. N,0<. SO, 

most basic ;—ttt-* 

most acidic 

added r a t!:, t0 pre , dkt ‘ f 3 reac,i0n is P° ssible Of impossible. If CaO is 
(CaS0 4 ) will form 6 JhaUs: ^ ^ (H2S ° 4) ’ ,he more s,able Ca0 ' S ° 3 

H 2 S0 4 + CaO -> CaS0 4 + H 2 0 
CuS0 4 + C0 2 —► no reaction 

*," d ^ are elated. Thermodynamics 

‘ C il^' P » Possible terms of energy. This as. of 

dynamics does M OM m , W "'T 

the reaction below is thermodyVmSal? S' F °' ““ P ' 

CaO + Si0 2 -» CaSiOj 

The reaction is very slow at normal temperatures, though it is more rapid 
at high temperatures in a blast furnace. 8 

Much inorganic chemistry consists of remembering which compounds 


OXIDES OF SULPHUR. SELENIUM. TELLURIUM AND POLONIUM 

react, and comparing the different stabilities of hydroxides, silicates, 
carbonates, nitrates, sulphates etc. The use of a series such as the one 
above minimizes this memory work. 

For comprehensive lists of standard free energy data see Bard, A.J., 
parsons, R. and Jordan, J.; and Latimer, W.M. in Further Reading. 

OXIDES OF SULPHUR, SELENIUM, 
tellurium AND POLONIUM 


Table 15.5 Oxides 


Element 


MO, 


Se0 2 

Te0 2 

Po0 2 


MO, 


Se0 3 

Te0 3 


Other oxides 

S 2 0 (S 2 0 2 ) (SO) (S—O—O) (S0 4 ) 
s 6 o, s 7 o, S*O t S<A S l0 O 

TeO 

PoO 


Dioxides MO 2 

S0 2 is produced commercially on a vast scale: 

1. By burning S in air. 

2 Bv burning H 2 S in air. . . 

3. By roasting various metal sulphide ores with air in smelters (particularly 

FeS 2 , and to a smaller extent CuS and ZnS). 

4. Large amounts are produced as a waste product by ^ rm "® C0 "' an ’ 
,0 a lesser extent,' other fossil fuels, oil and gas. Th.s undoubtedly 

harms the environment. 

S0 2 is a colourless gas (b.p. 10 C, rmp. 75.5 , dissolve 

jogsmen,is ;;„ 

in 1 cm of water). The 2 and the so | u tion contains only 

various hydrated species such as SO 2 2 |eve|s above 5 ppm a re 

a minute amount of sulphurous acid 2 J’ nrec ; a bly lower levels. 

poisonous to man, but plants are harme a pp 
S0 2 may be detected in the laboratory: 

1. By its smell. . . - fh acidified potassium di- 

2. Because it turns a filter paper 
chromate solution green, due to t e o 

K 2 Cr 2 0 7 + 3S0 2 + H 2 S0 4 - Cr 2 (S0 4 ), + K 2 S 4 2 

3. Because it turns starch iodate paper blue (due to sta 

_ I -X- ?KHSC>4 + 3H 2 S0 4 

IKIO, *.5SO, ♦ <H.O - <• ^ ht „ ** 

Quantitative methods for measuring 2 over - ac id rain . Methods 
developed because of environmental concern 

include: 
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1. Oxidation to H 2 S0 4 , followed by determination of the H 2 S0 4 b 

titration (or conductimetric titration). y 

so 2 + h 2 o 2 -> h 2 so 4 

2. Reaction with K 2 [HgCl 4 ] to give a mercury complex which reacts with 
the dye pararosaniline, and is estimated colorimetrically. 

K 2 [HgCI 4 ] + 2S0 2 + 2H 2 0 - K 2 [Hg(S0 3 ) 2 ] + 4HCI 

3. Burning in a hydrogen flame in a flame photometer, and measuring the 
spectrum of S 2 . (See also the discussion of singlet dioxygen.) 

Most of the S0 2 produced is oxidized to S0 3 by the Contact process 
and used to manufacture H 2 S0 4 . Smaller amounts of S0 2 are used to 
make sulphites SO^ , for bleaching, and for preserving food and wine. 

2S° 2 , g ) + 0 2(g) ^ 2S0 3(g) AH = -98kJ mol -1 

The forward reaction is exothermic, and is favoured by a low tempera 
ture. Since there is a decrease in the number of moles of gas the prwess 
is favoured by a high pressure. In practice the reaction if carried om 
atmospheric pressure. The formation of S0 3 is favoured by an excess o 
0 2 and removmg the S0 3 from the reaction mixture. A catalyst is nZ ° 0 
in a reasonable conversion in a reasonable time In the Contact nm 

*=»«£ r asyjast 
r fr-r 

breaks down between 600 °C and n ♦ . e OW ^ ^ anc * 

<**. and im p, ir To L“l' C '°‘ 

fourth bed. 8 fSt three beds - and again after the 

S0 2 is used to make other products: 

2S0 2 + Na 2 C0 3 + H 2 0 -> 2NaHS0 3 + C0 2 

»dium hydrogen sulphite 
(sodium bisulphite) 

2NaHSO, + Na 2 C0 3 -* 2Na 2 S0 3 + H 2 0 + CO-> 

sodium sulphite 2 

Na 2 S0 3 + S-► Na 2 S 2 0 3 

sodium thiosulphate 

S0 2 has also been used as a non-aaueous solvent a ^ 

sr • TS^, ,h inor r 

underwent self-ionization wUhTsv^m^f‘‘"'V'. ,h0U8ht ,hat S0; 
solvent, but this is now known to £ incorrect reaCt, °" S *" ,h ‘ S 
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OXIDES OF SULPHUR, SELEN11 im~t d ,7.- 

L----—Jifi lyM. TELLURIUM AND POLO NIUM 

2S0 2 S0 2+ + so 2 ' 

SOj gas forms discrete V-shaped molecules .u 
tained in the solid state (Figure 15 51 The L H d h ,' S struc,ure ,s re ‘ 
bonding in S0 2 is described in Chapter 4 ^ a " 8 ' e * ,,9 ° 30 ' The 

The dioxides Se0 2 , Te0 2 and PoO, are K „ u • 

air. Se0 2 is solid at room temperature. The gas has theT* ^ f ement ,n 
S0 2 , but the solid forms infinite chains which , e r structure as 

TeOj anJ PoO, both ciyulliz. i„ pl *"“ <*«"■* 15 « 

V o o o o 

' 

Figure 15.4 Structure of Se0 2 . 

The reaction of the dioxides with water also differs. S0 2 is very soluble, 
but largely forms hydrated S0 2 with only minute amounts of sulphurous 
acid H 2 S0 3 . (Dissolving S0 2 in alkali gives sulphites - salts of H 2 S0 3 .) 
Pure H 2 S0 3 cannot be isolated. Se0 2 reacts with water and forms sel- 
enious acid, H 2 Se0 3 , which may be obtained in a crystalline state. TeO z 
is almost insoluble in water, but dissolves in alkali to form tellurites. It 
also dissolves in acids to form basic salts: this illustrates the amphoteric 
character of Te0 2 . Thus there is the usual increase in basic character on 
descending a group. Se0 2 is used to oxidize aldehydes and ketones. 

R—CH 2 —CO—R + Se0 2 — R—CO—CO—R + Se + H z O 
Trioxides M0 3 

S0 3 is the only important trioxide. It is manufactured on a huge scale 
by the Contact process in which S0 2 reacts with 0 2 in the presence of a 
catalyst (Pt or V 2 0 5 ). (See under S0 2 ) The S0 3 is not usually isolated, 
and practically all of it is converted to H 2 S 04 . S0 3 reacts vigorously with 
water, evolving a large amount of heat and forming H 2 S 04 - Commercially 
it is not possible just to react S0 3 with water. The S0 3 reacts with water 
vapour and causes the formation of a dense mist of H 2 S0 4 droplets, which 
are difficult to condense and pass out of the absorber into the atmosphere. 
To avoid this, it has been found best to dissolve S0 3 in 98-99% H 2 S0 4 in 
ceramic packed towers, to give oleum or fuming sulphuric acid. This is 
mainly pyrosulphuric acid H 2 S 2 0 7 . Water is continuously added to keep 

the concentration of H 2 SC>4 constant. 

H 2 S 2 0 7 + H 2 0 -+ 2H 2 S0 4 

In the gas phase SO, has a plane triangular structure (Figure 15.7). The 

bonding is best described as S forming three a bonds, giving nse to a plane 

triangle, and three delocalized tt bonds. (See Chapter 4.) 

a. . ..... cn is solid and exists in three distinct forms, y- 

SO, is ice-like and is a cyclic tnmer (SO,),, m.p. 16.8 C. If SO, is kept 


O: 


Figure 15.5 Structure of S0 2 . 


•V. 


: 0 A 0: 


Figure 15.7 Structure of S0 3 gas 
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O 0 o 

I I I 

-S-O-S-O-S-O- 

0 0 0 

v^° 

u° 

o^a^'-o 

Figure 15.8 Structure of S 0 3 
chains and SO 3 cyclic trimer. 



for a long time, or if a trace of water is present, either P-S 0 3 0 r 
formed. Both look like asbestos, and comprise bundles of whir is 
needles. P-S0 3 (m;p. 32.5 °C) is made up of infinite helical chains of r S ,ky 
hedral [S0 4 ] units each sharing two corners. This structure is simii^ 3 
that of chain phosphates. a-S0 3 (m.p. 62.2 °C) is the most stable fa l ° 
and is made of chains cross-linked into sheets (Figure 15.8). rm ’ 

S0 3 is a powerful oxidizing agent, especially when hot. It oxidriec ud 
to Br 2 and P to P 4 O l0 . HBr 

Commercially S 0 3 is important in the manufacture of H 2 S 0 4 , and al 
for sulphonating long chain alkylbenzene compounds. The sodium salts of 
these alkylbenzene sulphonates are anionic surface active aeerm anH „ 
the active ingredients of detergents. ’ re 

S0 3 is used to make sulphamic acid NH 2 S0 3 H 


NH 2 CO NH 2 + so 3 + H 2 S 0 4 -► 2NH 2 S0 3 H + C 0 2 

urea sulphamic acid 

Sulphamic acid is the only strong acid that exists as a solid at room tem¬ 
perature. It is used for cleaning the plant at sugar refineries and breweries 
for desalination evaporators, and for destroying any excess nitrites present 
after dyeing with diazo dyestuffs. 

Se0 3 is formed by the action of a silent electric discharge on Se and 0 2 
gases, and Te0 3 is formed from telluric acid H 6 Te 0 6 by strong heating. 
Both trioxides are acid anhydrides. 


Se 0 3 + H 2 0 —► H 2 Se0 4 selenic acid 
Te0 3 + 3H 2 0 —► HaTeO* telluric acid 

Other oxides 



^9 * s f orme d when S and S0 2 .are subjected to a silent electric discharge. 
It is very reactive, attacks metals and KOH, and will polymerize. It can 
exist for a few days at low pressures. It is of interest spectroscopically 

because of its similarity in structure to 0 2 . Until recently it was incorrectly 
formulated as SO. 

>• 4 

A range of oxides from S 6 0 to SioO have been made by dissolving the 
cyclo forms of S 6 , S 7 , S 8 , S, and S , 0 in CS 2 or CH 2 C1 2 and oxidizing with 
tnfluoroperoxoacetic acid at -10°C to -30 °C. 

cydo-Sg + CF 3 C(0—0)0H -» S g O + CF 3 COOH 

■Diese compounds are all orange-yellow in colour, and retain the original 

nng of S atoms, but have an oxygen atom double bonded to one of the 
nng S atoms. 

TeO and PoO are obtained by thermal decomposition of a sulphi ,e - 

TeS0 3 -» TeO + S0 2 

Detergents 

Soap is the original detergent. It is excellent for cleaning, and is 1°°J” 

* egradable (i.e. it is completely broken down by bacteria in se'vag 
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Ifh^wodisadvamages!' ** ^ 3 ,ypical formula of C l7 H J5 COCrNa + . 

1 It forms an insoluble Drecinita^ ^ * 

Ca 2 * or Mg 2 * is used. P * SCUm ’ when hard water containing 

2 . It cannot be used for industrial purpose* in . 

fatty acids are precipitated. *** n acid,c solut. 3 ns, since the 

RCOO" + HjO* - RCOOH + H 2 0 

Detergents are surface active agents. They consist of molecules with a 
ton-polar organ,c part, and a polar group. If a non-polar material is plated 
in an ionic solvent containing a detergent, then the detergent molecules 
will arrange themselves on the surface so that the non-polar part of the 
molecule points towards the non-polar material, and the polar group points 
towards the solvent. Thus particles of dirt become surrounded by deter¬ 
gent molecules, forming a micelle. This effectively ‘dissolves’ the dirt. 
The first new detergents, introduced in about 1950, were branched chain 
alkylbenzene sulphonates (ABS). They are called ‘hard detergents’ and 
a typical formula is: 


CH, 


CH, 


CH, 


CH 3 —CH—CH 2 —CH—CH 2 —CH—CH 2 —CH—CH 3 


SO,” Na* 

These are excellent detergents, with good surface active and cteamng 

— .ELS* £2Z* 

passes through the drains to the se g .Bacteria in the treat- 

cause problems with frothing in the g P sewaee and the de¬ 

ment plant break down various waste pro u * 50-60% biodegradable. 

in the water. ^ 1 ^ an d a polar part of the mol- 

‘Soft’ detergents also cont I ^ ,n | ^" en^sulphonates (LAS) and have an 
ecule, but they are linear alky * biodegradable. 

unbranched aliphatic chain. They « ^ arom atic ring is not. Thus soft 
alkyl chain is completely degra e Dilution than do hard detergents. 
detergents cause considerably Pjjj a , cohol (available from cocoma 
If straight chain alcohols suc Dro duct is an excellent detergen , 
oil or tallow) are sulphonated>e p r s of cha.n length C , 4 can 

is rapidly and completely b^^fprocess (see under ‘Organometalhc 
be produced by the Zieg er 
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compounds’, Chapter 12) and are useful for making biodegradable deter¬ 
gents such as Teepol. 

At first sight it seems highly desirable to use biodegradable detergents. 
However, their use can create other problems. The bacteria responsible 
for degrading will grow rapidly, feeding on the degradable detergent. I n 
growing they may use up all the dioxygen dissolved in the water. The lack of 
dioxygen kills all other forms of aquatic life such as fish or plants. Under 
extreme anaerobic conditions S0 4 ions may be reduced to H 2 S, giving 

unpleasant smells. 


OXOACIDS OF SULPHUR 

The oxoacids of sulphur are more numerous and more important than 
those of Se and Te. Many of the oxoacids of sulphur do not exist as free 
acids, but are known as anions and salts. Acids ending in -ous have S in 
the oxidation state (+IV), and form salts ending in -He Acids ending in 
-ic have S in the oxidation state ( + IV) and form salts ending in-ate. 

As discussed previously under bond lengths and pn-dn bonding, the 
oxoanions have strong it bonds and so they have little tendency to polym¬ 
erize compared with the phosphates and silicates. To emphasize struc u 
similarities the acids are listed in four senes: 


1 . sulphurous acid series 

2 . sulphuric acid series 

3 . thionic acid series 

4 . peroxoacid series. 


/. Sulphurous acid series 


H 2 SO 3 sulphurous acid 

HO 

Ns=o 

HO 

S(+IV) 


O 0 


H 2 S 2 0 5 di- or pyrosulphurous acid 

II II 

HO— S — S —OH 

II 

0 

S(+V). 

S(+III) 


0 0 


H 2 S 2 0 4 dithionous acid 

II II 

HO— S — S —OH 

S(+III) 

2. Sulphuric acid series 

0 

I 

S(+VI) 

H 2 S0 4 sulphuric acid 

1 

HO—S—OH 

II 
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ftS'O' thiosulphunc acid 


HO— S —OH 


S(-fVI), 

S(-II) 


H-S-0* di- or pyrosulphunc acid 


j fhionic acid series 


H,S'0* dithiomc acid 


-S-O-S-OH 


O O 


HO—S —S—OH 


O O 


S(+VI) 


S(+V) 


H 2 S„0 6 polythionic aad 
(n = 1 - 12) 


HO— S —(S)„— S —OH 


s(+v.) 

S(0) 


4. Peroxoacid senes 


H2SO5 peroxomonosulphunc aad HO— S —O—OH 


S(+VI) 


H 2 S 2 O h pcroxodisulphuric acid 


HO- S -O-O- S -OH S(+VI) 


Sulphurous add series 

Though S0 2 is very soluble in water, most is present as hydrated S0 2 
<S0rH 2 O). Sulphurous acid H 2 S0 3 may exist in the solution in minute 
founts, or not at all, though the solution is acidic. Its salts, the sulphites 
SOj , form stable crystalline solids. Many sulphites are insoluble or are 
sparingly soluble in water, e.g. CaSOj, BaS 03 or Ag^S 3 * owever, 
to°$e of the Group 1 metals arid ammonium are soluble in water, an in 
solutions the hydrogen sulphite (bisulphite) ion HSOj is the pre¬ 
gnant species. Crystals of hydrogen sulphites have only been form 
a few large metal ions. eg. RbHS0 3 and CsHS0 3 . Most attempts* 
“‘ a,e hydrogen sulphites lead to internal dehydration with the forma 
of ^sulphites S 2 0j": 

2NaHS0 3 (aq) = Na 2 S 2 C >5 + H 2 Q 
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; I 

1 I 


I 





Na 2 S0 3 is an important industrial chemical, and world production 
exceeds 1 million tonnes/year. It is made by passing S0 2 into an aqueous 
solution of Na 2 C0 3 to give aqueous NaHS0 3t then treating the solution 

with more Na 2 C0 3 . 

Na 2 C0 3 + 2S0 2 + H 2 0 -► 2NaHS0 3 + C0 2 

2NaHS0 3 + Na 2 C0 3 2Na 2 S0 3 + H 2 0 + C0 2 

The main use of Na 2 S0 3 is as a bleach for wood pulp in the paper making 
industry. Some is used to treat boiler feed water (it removes 0 2 and thus 
reduces corrosion of pipes and boilers). Small amounts are used in photo¬ 
graphic developer. 

Sulphites and hydrogen sulphites liberate S0 2 on treatment with dilute 
acids: 



Na 2 S0 3 + 2HCI - 2NaCI + S0 2 + H 2 0 

Sulphites and hydrogen sulphites both contain S in the oxidation state 
( + IV) and are moderately strong reducing agents. Sulphites are deter¬ 
mined by reaction with I 2 , and determination of the excess I 2 with sodium 
thiosulphate. 

NaHS0 3 + I 2 4 H 2 0 — NaHS0 4 + 2HI 

2Na 2 S 2 0 3 + I 2 — Na 2 S 4 0 6 + 2Na~ + 21 " 

The sulphite ion exists in crystals and has a pyramidal structure, that is 
tetrahedral with one position occupied by a lone pair. The bond angles 
O—S—O are slightly distorted (106°) due to the lone pair, and the bond 
lengths are 1.51 A. The n bond is delocalized, and hence the S—O bonds 
have a bond order of 1.33. 


Electronic structure of sulphur 
atom - excited state 



three unpaired electron form o bonds forms 
jt bond with three oxygen atoms 
four electron pairs, hence tetrahedral 
with one position occupied by a lone pair 


On heating solid hydrogen sulphites, or treating their solutions with S0 2 , 
disulphites are formed. These contain an S—S linkage. 

2RbHS0 3 -^ Rb 2 S 2 0 5 4- H.O 
Na 2 S0 3 (aq) + S0 2 — Na 2 S 2 0 5 

Na 2 S 2 0 3 is called sodium disulphite, but in the past it has been called 
sodium pyrosulphite and sodium metabisulphite. The free acid H 2 S 2 ^5 
is not known. Adding acid to disulphites gives S0 2 . 

Na^Oj + HCl -♦ NaHSO) 4 NaCl 4 S0 2 
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On oxidation sulphites form sulphates, and with sulphur they form thio- 

sulphates. 

SO^- + H 2 0 2 -> SOJ- + H 2 0 

SOj + S —> SjOj' thiosulphate 

Reduction of sulphite solution plus S0 2 with Zn dust, or electrolyticallv 
yields dithionites. These contain S in the oxidation state (-t-III) 

2HSOJ - 1 - S0 2 -^-> S 2 0 4 ' + SO+ H 2 0 

dlthiomlr 


2Na' 


dithiomic 

o o 


O—S —S—o J 

sodium dithionuc 


2 - 


The dithionite ion has an eclipsed conformation, with a very long S—S 
bond (2.39 A) and S—O bond lengths of 1.51 A. Sodium dithionite 
Na 2 S 2 0 4 crystallizes out on adding NaCI to the mixture. The parent acid 
does not exist. Na 2 S 2 0 4 is a powerful reducing agent, which has a variety 
of industrial uses. These include bleaching paper pulp and making dye¬ 
stuffs. It is used to treat water since it reduces many heavy metal ions 
(Pb 2 ^, Cu~, Bi 3 ~) to the metal. In NaOH solution Na 2 S 2 0 4 is used to 
absorb dioxvgen in gas analysis. It is also used to preserve foodstuffs and 
fruit squashes. 


Sulphuric acid series 

H 2 S0 4 is the most important acid used in the chemical industry. World 
production was 146 million tonnes in 1992. The main producers in millions 
tonnes/year are: USA 42%, China 14%, Morocco 7% and Japan 6 %. By 
far the most important commercial process for its manufacture is the 
Contact process, in which S0 2 is oxidized by air to SO 3 , using a catalytic 
surface. Formerly a platinum gauze or platinized asbestos was used as 
catalyst. This has now been replaced by vanadium pentoxide, which is 
slightly less efficient but is cheaper and less easily poisoned. The SO 3 
could be mixed with water to give H 2 S 0 4 , but the reaction is violent and 
produces a dense chemical mist which is difficult to condense. Instead, the 
S0 3 is passed into 98% H 2 S0 4 , forming pyrosulphuric acid H 2 S 2 0 7 , 
sometimes called oleum or fuming sulphuric acid. (Some tnsulphuric acid 
H 2 S 3 O 10 is also formed.) This solution may be sold as oleum, or diluted 
w ith water to give concentrated sulphuric acid which is a 98 /o mixture 
with water (an 18M solution). 

H 2 S 2 0 7 H 2 0 — 2H 2 S0 4 

H 2 S 3 O |0 + 2H 2 0 — 3H 2 S0 4 

[The older lead chamber process is now obsolete. This used N0 2 as a 
homogeneous catalyst, to oxidize S0 2 in the presence of water. The NO 
°rmed reacts with air to reform N0 2 - 
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_► NO> + SO : + H : 0 H : S0 4 + NO 

2NO + O-. ->2NO : 

___ J 

The disadvantages of the lead chamber process were that it only pro . 
duced 78% H 2 S0 4 , not concentrated H 2 S0 4 . and the acid was less p Ure 
than that from the Contact process.) 


Table 15.6 Uses of H 2 SO a and oleum in the USA and UK 



USA 

UK 

Fertilizers 

65% 

32% 

Manufacturing chemicals 

5% 

16% 

Paint/pigments 

2% 

15% 

Detergents 

2% 

11% 

Fibres/cellulose film 

2% 

9% 

Pickling metals 

5% 

2.5% 

Refining petrol 

5% 

1% 


The main uses of H 2 S0 4 in the USA and the UK are compared in Table 
15.6. The largest use is in converting calcium phosphate into superphos¬ 
phate. which is used as a fertilizer. Fatty acids are sulphonated to make 

d fuT^ IS ' Tl0:! IS ,he m ° S( widely used whi,e P'g ment - and large amounts 
of H.SO, are used to purify the mineral ilmenite (FeTiO,). Pickline is the 

removal of oxides and scale from the surface of metals. H,S 0 4 is used 

as a catalyst in the production of high octane fuels by alkylating unsatu- 

rated hydrocarbons. H,S0 4 has an imporant electrochemical use as the 
electrolyte in lead storage batteries 

H h ,s0i , (s *."»»sc 

evolved, and an azeotropic mixture of 98>/ ^ lo l,C S ° 3 “ 

produced. This boils at 338°C Pure H SO° 2 a ^ 7 ° W2tCr ' S 

solvent and as a sulphonating agent " 4 * USCd 3S a non - a <l ueous 

Anhydrous H 2 S0 4 and concentrated H cn 
proportions,,and evolve a erear i r H - s °4 mix with water in all 

poured into concentrated acid the h ° 631 ^ 880kJ If water is 

drop, ol 1Dd SL"“ £ “t' d ", ldS “ O** o< the 

acids is to carefully pour the acid ,JL ,u 8 ' ^ S °^ e vvav to dllule slron R 
Concentrated Hj S0 4 has out st^l/ *T ^ 

NaBr is dissolved in concemr.ed S H? S n OX u d o ing J )roper,ies Thus when 
some Br ions are oxidized to Br C h * S ^ ormed but in addition 
it is lower than H in the electroch U i n ° l react with acids because 
metals such as Cu dissolve in ser ‘ es - However, several noble 

properties. The oxidizing properties^"/ Sv- H ’ SOj due to i,s ox,dizin « 
Concentrated H,S 0 4 absorb "^, er L i COnver < Cu into Or*, 
agent for gases. It is sometimes . ld ' y, and ls an effective drying 

as a drying agent in desiccators. It 



dehydrates HN0 3 forming the nitronium ion NO? 
portant in the nitration of organic compounds. ’ 


which is very im- 


HNOj + 2H 2 S0 4 


NO? + HjO + + 2HS07 


H 2 S0 4 can also remove the elements of 
paration of ethers. 


water, for example in the pre- 


2C2H5OH + H2SO4 


C 2 H 5 • o • QH 5 + H 2 S0 4 • H 2 0 


1 ^ , 1 k° r ° ngly fr ° m SOme or « an,c impounds that they char, 

and on y the carbon remains. Paper and cloth are completely destroyed. 

In dilute aqueous solution H 2 S0 4 acts as a strong acid. The first proton 
dissociates very readily, and hence hydrogen sulphates HS0 4 “ formed. 
The second proton dissociates much less readily, to form sulphates SOj‘. 
Because of this, solutions of hydrogen sulphates are acidic. 

The SO 4 ion is tetrahedral. The bond lengths are all equal ( 1.49 A) 
and are all rather short. The bond order of the S—O bonds is approxi¬ 
mately 1.5. The bonding is best explained as four <j bonds between S 
and the O atoms, with two tt bonds delocalized over the S and the four 
O atoms. 

Thiosulphuric acid H 2 S 2 O 3 cannot be formed by adding acid to a thio¬ 
sulphate because the free acid decomposes in water into a mixture of S, 
H 2 S, H 2 S n , S0 2 and H 2 S0 4 . It can be made in the absence of water (e.g. 
in ether) at low temperatures (-78°C). 


H 2 S + SO.v^ H 2 S 2 Oj • (Et 2 0)„ 

In contrast, the salts which are called thiosulphates are stable and nu¬ 
merous. Thiosulphates are made by boiling alkaline or neutral sulphite 
solutions with S, and also by oxidizing polysulphides with air. 


„ boiling water 

Na 2 SC >3 4- S-►Na 2 S 2 0 3 

2Na 2 S 3 + 30 2 hC>l * ^2Na 2 S 2 0 3 + 2S 


The thiosulphate ion is structurally similar to the sulphate ion (Figure 

15.10). , . 

Hydrated sodium thiosulphate Na 2 S 2 0 3 • 5H 2 0 is called ’hypo . It forms 
very large colourless hexagonal crystals, m.p. 48°C. It is readily soluble 
in water and solutions are used for iodine titrations in volumetric analysis. 
Iodine very rapidly oxidizes thiosulphate ions S 2 0 3 to tetrathionate ions 
S 4 0 1~, and the I 2 is reduced to I" ions. 

2Na 2 S 2 0 3 + I 2 — Na 2 S 4 0 6 + 2NaI 

sodium teiraihionate 


Na 2 S 2 0 3 is used in the bleaching industry to destroy any excess Cl, on 
fabrics after they have been through a bleach bath. Similarly A 0 3 
sometimes used to remove the taste from heavily chlorinated drinking 


o 



o- 


Figure 15.10 Structure of 
sulphate and thiosulphate ions. 
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nYidizine agent than I 2 , hydrogensulphate 

water. Since Cl 2 is a stronger ox & 
ions are formed rather than tetrat lona 

Na 2 S 2 0, + 4CI 2 + 5H,0 - 2NaHS0 4 + 8HCI 

Hvpo is used in photography for -fixing' films and prints^ Photographic 

i-iypo is usea in pn g H J . A Br Parls 0 f the nlm exposed 

emulsions are made of AgNOr, Agt-i anu rvgu. • „/ T , 

to light begin to decompose to Ag. thus forming a negative image. The 

process is enhanced by the developer solution. After developing the film 
or print is put in a solution of hypo (Na 2 S 2 0 3 ). This forms a soluble com¬ 
plex with .silver salts, thus dissolving any unchanged silver salts in the 
photographic emulsion. When there is no photographic emulsion left, 
the film or print can safely be exposed to light. 

Na 2 S 2 Oj + AgBr —* Ag 2 S 2 0, "~ N, - !> ' 0 ' . Na 5 [ Ag(S 2 0,),| 

Pyrosulphates can be made by heating hydrogen sulphates strongly, or 
by dissolving SO, in H 2 S0 4 . Some trisulphuric acid H 2 S 2 0,„ is also 
formed, but polysulphuric acids higher than this are not known. 

2NaHS0 4 — Na 2 S 2 0 7 + H 2 0 
H 2 S0 4 + SO, — h 2 s 2 o 7 
H 2 S0 4 + 2SOt —* H 2 S,O 10 

Thionic acid series 

Dithionic acid H 2 S 2 0 6 is known only in solution. The acid is dibasic, and 
salts called dithionates are known, e.g. Na 2 S 2 O ft . No acid salts exist. The 
acid and its salts contain S in the oxidation state ( + V). Dithionates can 
be made by oxidizing a sulphite, but on a larger scale they arc made bv 
oxidizing a cooled aqueous solution of S0 2 with Mn0 2 or Fe 2 O v 

2Mn0 2 + 3SO : - Mn"S 2 0 6 + MnS0 4 

Mosr dnhioMtes arc- readily soluble in water. They can be isolated as 
Dithionates COnVer *® mto other salts by double decomposition reactions, 
aeents ch as e RM n'° T d ° Xidizin 8 ««««*. 'hough strong oxidizing 

larly. mild reducingaVnl^hlveioeSct S b°r diZe ' hem ‘° Sulpha,e ' S,mi ‘ 

dithionates to dithionites and sulphites S ' r ° n8 redUC, " g age "' S 

2Na 2 S 2 O h + 2Na/Hg _ Na 2 S 2 0 4 + 2Na : SO, + Hg 

O O 


HO—S-S-QH 


O O 

d'thionic acid 


— ^ ■ VJ 

The dithionate ion has a struct 

SO, groups adopt an almost priiL Sl " lilar 10 'h at of ethane, but the two 

eclipsed conformation. The S-S length is 



_ _OXOACIDS OF SELENIUM AND TELLURIUM 

9 15 A and the S—O bonds are 1 41 A • 

2,1 1 c O are * * u7 A “ a 8 a,n rat her short. The bond 

angles S b ^ are close to tetrahedral (103°) 

A range of polythionates have been known as salt, 

of Wackenroder on the effect of H 2 S on 

such as trithionate SjOf, , te.rathionate S,Ol~, pentathiona.e S s O^ and 
hexathionate S ft O ft are named according ,o the total number of S atoms 
present. It is only in recent times that the parent acids have been made. 

O O 


H °— S— (S)„— S— OH 


O O 

polythionic acid 


Peroxoacid series 

The name peroxo indicates that the compound contains an —O—O— 
linkage. Two peroxoacids of sulphur are known: peroxomonosulphuric 
acid H 2 S0 5 and peroxodisulphuric acid H 2 S 2 0 8 . No peroxoacids of Se and 
Te are known. H 2 S 2 O k is a colourless solid, m.p. 65 °C. It is obtained by 
electrolysis of sulphates at high current density. It is soluble in water, and 
is a powerful and useful oxidizing agent. It will convert Mn : * to perman¬ 
ganate and Cr 3+ to chromate. The most important salts are (NH 4 ) 2 S 2 0 8 
and K 2 S 2 0 8 . (NH 4 ) 2 S 2 0 8 is used to initiate the polymerization of vinyl 
acetate in the production of synthetic rayon, and of tetrafluoroethylene in 
the formation of PTFE. K 2 S 2 O k is used as an initiating agent in the pol¬ 
ymerization of vinyl chloride to PVC and styrene—butadiene copolymer 
rubbers. 

Hydrolysis of peroxodisulphuric acid gives peroxomonosulphuric acid, 
H 2 S0 5 , which is often called Caro’s acid. 

n O O 


HO— S —O—O— S —OH — HO— S —O—OH + HO— S —OH 


H 2 S0 5 can also be made from chlorosulphuric acid. 

(H0)(CI)S0 2 + H 2 0 2 -> (H0)(H00)S0 2 + HCI 

It forms colourless crystals, m.p. 45»C. but must be handled with care 
since it may explode 

OXOACIDS Of SELENIUM AND TELLURIUM 

c i • ^ c.un.mis acid H'tSeOj and selenic acid 

Selenium forms two oxoacids sek" dis$o|ves m water . -p* ^ 

H’SeO,. Selemous acid is formed and ac ,d selenites) 

acid can be isolated and two series of salts (tne 
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• C «i- a nH HSeOr are known. The acid is converted to selenic 
containing SeOj ami HSe > containing Se 2 0?- can be made 

acd by refluxing with H 2 0 2 _ I ry*° js n0( known 

by^ea^mg s ^enates. b acid, and se|ena , es are isomorphous 

wi^uSatS Bolh H 2 Se0 4 and H 2 SeO, are moderately strong oxidizing 

af Te0 2 ,s almost insoluble in water so that tellurous acid has not been 
characterized. The dioxide does react with strong bases and forms tel¬ 
lurites acid tellurites and various polytellurites. Telluric acid H h Te0 6 is 
quite different from sulphuric and selenic acids and exists as octahedral 
Te(OH)„ molecules in the solid. It is a fairly strong oxidizing agent, but 
a weak dibasic acid and forms two series of salts, examples of which are 
NaTeO(OH), and Li 2 Te0 2 (0H) 4 - The acid is prepared by the action of 
powerful oxidizing agents such as KMn0 4 on Te or Te0 2 . 


OXOHALIDES 


Thionyl compounds 

Only S and Se form oxohalides. These are called thionyl and selenyl 
halides, and the following are known. 

SOF 2 SOCI 2 SOBr 2 

SeOF 2 SeOCl 2 SeOBr 2 

Thionyl chloride SOCF is a colourless fuming liquid, b.p. 78°C, and is 
usually prepared as follows: 

PCI 5 4- SO : — SOCI : + POCl., 

Most thionyl compounds are readily hydrolysed by water, though SOF^ 
only reacts slowly. 


SOCI 2 + H 2 0 — S0 2 + 2HCI 

SOCI: is used by organic chemists to convert carboxylic acids to acid 
chlorides, and it is also used to make anhydrous metal chlorides. 

SOCl 2 + R—COOH —> R —COCI + S0 2 

Thionyl bromide is prepared from the chloride and HBr. and thionyl 
fluoride is obtained from the chloride by reacting with SbF 
The structure of these oxohalides is tetrahedral with one position oc- 

riini#»r1 hv a rtn*» rv.nr 


Sulphuryl compounds 

The following sulphuryl halides are known: 

S0 2 F 2 S0 2 CI 2 SOiFCI 
Se0 2 F 2 


SO,FBr 
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Sulphuryl chloride S0 2 CU j s a . 

is made by direct reaction of SO, anHrf** fU T" g ,iquid ’ b P- 69°C, and 
used as a chlorinating agent c„j n i! 1 . i' n l ^ e P resence of a catalyst. It is 
lysed by water, but the chloride t ^ “ 3 * as and is hydro- 
water. The sulphuryl halide h f 5 ,n moisl a ' r and ' s hydrolysed by 

been replaced by halogens If „ n iv r! ° 4 ' Whtre ^'h 0H 8 rou PS have 
acids are obtained * nc grou P' s replaced, halosulphuric 

FSO,H CISOjH BrSOjH 

- Sr “ n> >*■ "« >.« 

none and is used as a chlorinating agent in organic chemistry. 

HYDRIDES 

™ e nh e ' em uc al [ f T CO ’' 3,em h>dr,des These are wa| er H 2 0. hydrogen 
uphide HjS, hydrogen selemde H 2 Se, hydrogen telluride H,Te and 

y rogen po oni H 2 Po. Water is liquid at room temperature, but the 

others are all colourless, foul smelling toxic gases. All but H 2 Te can be 

made from the elements. It is easier to make H 2 S, H 2 Se and H 2 Te by the 

action of mineral acids on metal sulphides, selenides* and tellurides, or 
hydrolysis: 

FeS + H 2 S0 4 - H 2 S + FeS0 4 
FeSe - 2HC1 — H ; Se + FeCI 2 

Al 2 Se, - 6H : 0 - 3H : Se + 2AI(OH), 

AI 2 Te» - 6H 2 0 - 3H : Te +. 2AI(OH), 

H 2 Te can also be made by electrolysing cooled dilute H 2 S0 4 with a Te 
cathode. H 2 Po has only been obtained in trace amounts from a mixture 
of Mg. Po and dilute acid 

H 2 S, H : Se and H : Te are all soluble in water and all burn in air with a 
blue flame. 

2H 2 S -r 3Q 2 - 2H 2 0 + 2SO z 

W 2 S is about twice as soluble in water as C0 2 . and I volume of water can 
absorb 4.6 volumes of H : S at O'C and 2.6 volumes at 20 °C. A saturated 
solution is used as a laboratory reagent, but it does not keep well since air 
slowly oxidizes it and sulphur is deported. H 2 S is a very weak dibasic acid. 
Most metal sulphides can be regarded as salts of H 2 S. and since it is dibasic 
two *enes of salts can be derived from it. the hydrogen sulphides, e.g. 
^ a HS. and the normal sulphides e g Na 2 S 

H 2 S ♦ NaOH - NaHS + H 2 0 
H 2 S * NaHS — Na 2 S + H 2 0 

metal sulphides are ail soluble in water and hydrolyse strongly 
a 1 M solution is about 90% hydrolysed), so they are strongly basic. 
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Na 2 S + H ; 0 -* + NjOH 

Most of the sulphides of the heavy metals are insoluble in water and so do 
not hydrolyse. If a dilute solution of ammonia is saturated with H,S then 
ammonium hydrogen sulphide NHjHS is formed, not (NH^S The la,, 
ter only exists at low temperatures in the absence of water. Solutions of 
NH 4 HS are colourless, and when mixed with an equimolar amount of NH, 
it is used as a laboratory reagent. More commonly ‘yellow ammonium 
sulphide’ is used as a laboratory reagent, for example to precipitate metal 
sulphides in qualitative analysis. Yellow ammonium sulphide is really a 
mixture of ammonium polysulphides, and is made by dissolving sulphur in 
colourless NH 4 HS/NHv solution. 


Water 

Water is the most abundant chemical compound, and the oceans cover 
almost 71% of the earth’s surface. For this reason we have no need to 
prepare water. However, sea water contains many dissolved salts, and less 
than 3% of the earth’s water is fresh water, and most of that is present as 
polar ice. The preparation of pure water for drinking and laboratory use 
is a major industry. The human body is more tolerant of some impurities 
than is industry. The EEC have set limits for impurities in drinking water. 


Table 15.7 EEC limits for contaminants in drinking water 


(Mg litre') 


Al 

200 

Pb 

SO 

Nor 

50 

Trihalomcthanes 

100 

Pesticides 

0.1 


0.5 


Source of contaminant and suspected problems 


AI 2 (S0 4 ), is added to water in some places to 
clarify it. Al may be related to Alzheimer's 
disease (senile dementia) 

Water pipes made of lead are the problem. Pb 
damages the brains of children 

Nitrates are added as fertilizers to make crops 
grow This gets into the water supply. Nitrates 
affect the level of 0 2 in the blood of babies, 
and cause 'blue baby syndrome'. Nitrates may 
be related to stomach cancer 

Water supplies are treated with chlorine to kill 
bacteria. Over-chlorination may allow 
chloroform to be formed bv reaction with peat 
This is a possible cause of cancer of the gut and 
bladder 

For individual pesticides 

For all pesticides together 

DDT is now' banned in mans places Its 

harmful effects occur because it accumulates 

and undergoes biological amplilication in the 

food chain, and UV Fight converts DDT into 

polychlorinated biphenvls which are toxic 
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Very pure water is required for laboratory and industrial use. The only- 
way to remove all solid solutes is distillation. This is expensive since water 
has a high boiling point and high latent heat of evaporation During dis¬ 
tillation the water tends to dissolve appreciable amounts of CO : from 
the atmosphere, which make it acidic. A cheaper method is to produce 
deionized water. This is done by passing the water down two different »on- 
exchange columns one after the other. (Alternatively a 'mixed bed may 
be used, i.c. a single column made up of two different ion-exchange ma¬ 
terials.) Ion-exchange resins arc insoluble polymeric solids, containing a 
reactive group. I hey are manufactured in bead form, and are permeable 
to water. The first column contains a sulphomc acid resin, that is an or¬ 
ganic resin with acidic groups —SO^H. This removes all metal ions from 
solution and replaces them with H 4 : 


rcsin-SO,H + Na 4 -♦ resin-SO,Na + H* 

2 resin-SOJI + Ca 2 * —» (resin-SOi):Ca + 2H* 

The second column contains a resin with basic groups - NR,*OH . which 
removes negative ions. 

resin-N(CHOa OH‘ + Cl" — resin-N(CHi); CT + OH" 


Water produced in this way usually contains soluble silicates and CO : 
When all the reactive sites on the resin have been used, the resins can be 
regenerated by treating the first one with dilute H : S0 4 . and the second 
one with a NaiCO< solution. 

Drinking water is usually much tess pure, and water with no dissolved 
salts does not taste very nice. The World Health Organization recom¬ 
mends a maximum desirable content of not more than 0.5 grams of dis¬ 
solved solids per litre, though the maximum permissible level is three 
times this. If the fresh water source contains silt, this is allowed to settle 
out. Light Suspended particles and colloidal particles which discolour the 
water are removed by treating with AI(OH);* or Fe(OH)v These coagulate 
suspended particles, thus clarifying the water. (Alum is the most widely 
used coagulating agent.) If necessary some water softening may be per¬ 
formed by ion-exchange, or by mixing water from different sources The 
water is then chlorinated, or treated with ozone to kill bacteria. These are 
present because of drainage from fields into rivers and lakes, and also 
from the disposal of partly treated and untreated sewage. Failure to treat 
drinking water is the major cause of enteritis. In some underdeveloped 
parts of the world up to half the children under the age ol five die from this 

cause or other waterborne diseases. . 

Sea water has a hi*!, sal. content The producer, o. (tanking water and 
water for crops from sea water ts called desalination It requires a large 
amount of energy, and ts therefore expensive It ts only carried out when 
the shortage of fresh water is severe, hut it has become increasingly im¬ 
portant m and reg.ons like the Persian Gulf Distillation, ion-exchange, 
dcctrodialysis. reverse osmosis and the freezing out ot tee have all been 
used 
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Apart from water, the other hydrides are all poisonous and have un¬ 
pleasant odours. The hydrides decrease in stability from H 2 0 to H 2 S to 
H->Se to H 2 Te. (This is shown by the decrease in their enthalpies of forma¬ 
tion - Table 15.8.) They become less stable because the bonding orbitals 
become larger and more diffuse: hence overlap with the hydrogen Is 

orbital is less effective. . 

The h—O—H bond angle in water is 104°28\ in accordance with the 

VSEPR prediction of slightly less than tetrahedral due to the presence of 
lone pairs of electrons. Thus the orbitals used for bonding by O are close 
to sp' hybrids. In H 2 S, H 2 Se and H 2 Te the bond angles become close to 
90°. This suggests that almost pure p orbitals on Se and Te are used for 
bonding to hydrogen. 

In a series of similar compounds, the boiling points usually increase as 
the atoms become larger and heavier. If the boiling points increase, then 
the volatility decreases. This trend is shown by the boiling points of H 2 S, 
H 2 Se. H 2 Te and H 2 Po, but the boiling point of water is anomalous. 

Water has an abnormally low volatility because its molecules are as¬ 
sociated with each other by means of hydrogen bonds in both the solid 
and liquid states. The structure of liquid water is not known for certain, 
but probably consists of groups of two or three molecules hydrogen bonded 
together. The structure of ordinary hexagonal ice is known. At high press¬ 
ures other more dense structures are formed. A total of nine different 
forms of ice are known. X-ray studies do not often reveti.the positions of 
H atoms. In this case the H positions were found by neutron diffraction on 
solid deuterium oxide D 2 0. The structure is similar to wurtzite ZnS (see 
Chapter 3), with O atoms occupying both the Zn 2 + and the S 2 " positions. 
The H atoms are located just off the line joining two O atoms, and the 

°7, H • ° ® n ? le is l04 ° 28 '- The length of a hydrogen bond is aboul 
20 kJ mol This association is responsible for the abnormally high boiling 
point and melting point of water. 

■ ThC , H u b ® ndm8 ls ,he main reason why covalent compounds have a very 
low solubility in water. When two substances mix there is an increase in 
entropy since t e order decreases. Thus mixing is always favoured. How- 
ever, in the case of water, dissolving something means that hydrogen bonds 
must be broken, Unless there is an interaction between the dissolved ma- 
tena an water greater than the energy lost through breaking hydrogen 
bonds, then the material will not dissolve. Covalent materials have li«l< 
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interaction with water, and so are insoluble. Ionic materials become hy¬ 
drated, and polar materials take part in the hydrogen bonding, so they 
are soluble. 

A unique property of water is that the solid is less dense than the liquid. 
This is why lakes and the sea freeze from the top downwards. The ice at the 
top makes it difficult to cool the water underneath, so even at the North 
Pole there is water underneath the ice. But for this the sea would freeze 
solid and the polar ice-caps would cover much more of the earth’s surface. 
The maximum density of water occurs at 4°C. On melting, the hydrogen 
bonded network in the solid partly breaks down. Ice has a rather open 
structure, with quite large cavities. On partial melting some ‘free’ water 
molecules occupy some of these cavities, and hence the density increases. 
This effect outweighs the effect of thermal expansion up to 4°C. but above 
this temperature expansion is the larger effect so the density decreases. 

An unusual form of water called polywater’ was reported and exten¬ 
sively studied between 1966 and 1973. Polywater was reported to have a 
freezing point of -40°C and a very high density of 1.4gcm" 3 . It was ob¬ 
tained when water was formed in glass or quartz capillary tubes. This 
caused excitement at first because polywater was thought to comprise a 
larger number of water molecules polymerized together. It is now known 
to be a colloidal mixture of silicates, and a variety of ions Na + , K+, Ca , 
BO} - , N07, SOi - and Cl" which had been leached from the glass! 


Other hydrides 

The hydrides dissociate to a varying degree forming H * tons. They^are all 
verv weak acids and there is an increase in acidic strength from H 2 0 o 
H,Te The large difference in electronegativity taken in conjunction with 
Faians- rules (the larger the negative ion the greater the tendency to co- 
valency) suggest that H 2 Te gas should be the most covalent^Acidic - 
hS in Solution is discussed for the halogen “££^ ! 

■■ ,b ,' ft 1 "” ? 

H 2 0. H 2 S, H 2 Se and h 2 +43 and + 77 kJ mol‘The stab- 

(thHasMwo are in fact ^dynamically unstable), thus 
accounting for the greater dissociation o 2 

H 2 Te (h> dr.ccd) + H 2 0 * H 3 0* + HTe(”hyd,«.di 

L . . „„„„ . lom i n ihe hydrides, the more stable will be 

The more acidic the hydroge su lphides. selenides and tellurides. 

the salts formed from them, i.e. oxides, suipn 


Peroxides and polysulphides 

cninhur differ from the remainder in their 
Oxygen, and to a greater « ,e " lp J ' d p0 1ysulphides. which are less 
ability to catenate and form polvoxiocs v j 
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Figure 15.11 Structure of H : 0 2 
in the gas phase. 
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stable than the normal salts. Unbranched polysulphane chains containing 
up to eight sulphur atoms have been prepared. 

H 2 0 2 H—O—O—H H 2 S 2 H—S—S—H 

H 2 S 3 H-S-S-S-H 
H 2 S 4 H-S-S—S—S-H 

H 2 0 2 and H 2 S 2 have similar ‘skew’ structures. The dimensions of H 2 0 2 
gas are shown in Figure 15.11. H 2 0 2 is the smallest molecule known to 
show restricted rotation, in this case about the O O bond, and this is 
presumably due to repulsion between the OH groups. A similar structure 
is retained in the liquid and solid, but the bond lengths and angles are 
slightly changed because of hydrogen bonding. 

H 2 0 2 and H 2 S 2 can be prepared by the addition of acid to a peroxide or 
a persulphide salt. 

BaO, + H 2 S0 4 — H 2 0 2 + BaS0 4 

Na 2 S 2 + H 2 S0 4 —♦ H 2 S 2 (also H 2 S 3 ) + Na 2 S0 4 

In most of its reactions H 2 0 2 acts as a strong oxidizing agent. In acidic 
solutions these reactions are often slow, but in basic solution they are 
usually fast. H 2 0 2 will oxidize Fe 2+ to Fe 3 *, [Fe 11 (CN) ft )] 4 ' (ferrocyan* 
ide) to [Fe nl (CN) 6 ] 3 " (ferricyanide), NH 2 OH to HN0 3 and SO?" to 
SO l’ 

Ionic peroxides such as Nu 2 0 2 give H 2 0 2 with water or dilute acids. Na 2 0 2 
reacts with gaseous C0 2 . 


2Na 2 0 2 + 2C0 2 - 2Na 2 C0 3 + 0 2 


Heating Na 2 0 2 with many organic compounds results in their oxidation to 
carbonates. Fusing Na 2 0 2 with Fe 2 * salts gives sodium ferrate Na 2 [Fe0 4 l 
which contains Fe( + Vl). 

With stronger oxidizing agents H 2 0 2 is oxidized, that is H 2 0 2 is forced 
to act as a reducing agent, and in such cases 0 2 is always evolved. 




KI0 4 + H 2 0 2 KIOj + 0 2 + H 2 0 
2Ce(S0 4 ) 2 + H 2 0 2 — Ce 2 (S0 4 ) 3 + 2H 2 S0 4 + 0 2 

^the^absence'of cmalj^st^Hj^'is^less^st 6de . COmposes only slowly 

catalysed by hydroxyl ions. 2 able ’ a " d ltS decom P ositlon 1S 


H 2 0 2 h 2 o + jo 2 


H 2S 2 -* H 2 S + S 


Hydrogen polyselenides and polytellurides 
salts are known. 


do not exist, but some of their 


Hydrogen peroxide 


Pure H 2 0 2 is a colourless liquid whirh u, 

It is more hydrogen bonded than k " resembles water qu'« closely - 

w ater and so has a higher boiling 
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hydrides 


P° int (b :?; *i? C ' ; p . °^. C >- f* ,s more dense than water (density 

1 . 4 gem )• Though it has a high dielectric constant, it is of little use as 
«n ionizing solvent because it is decomposed by many metal ions, and it 
oxidizes many compounds. 

H : 0: is a major industrial chemical, and 1018200 tonnes were produced 
in 1991. It is used extensively as a mild bleaching agent for textiles 
and paper/wood pulp. It is used for several environmental purposes: to 
restore aerobic conditions in sewage waters, and to oxidize cyanides and 
sulphides. It is an important rocket fuel. It is also used for making other 
chemicals, particularly sodium peroxoborate Na 2 [B 2 (0 2 ) 2 (0H) 4 ] • 6H 2 0 
(annual production 700000 tonnes/year), which is used as a brightener in 
washing powders (see Chapter 12). Organic peroxides are used to initiate 
addition polymerization reactions (PVC, polyurethanes and epoxy resins), 
and sodium chlorite NaC10 2 is used for bleaching. Smaller amounts of 
H 2 0 2 are used to bleach hair, feathers, fats and waxes. It is used as an 
oxidizing agent in the laboratory, and as an antiseptic to treat wounds. It is 
useful to counteract chlorine, and in this reaction H 2 0 2 behaves 
reducing agent. 

H 2 0 2 + Cl 2 — 2HCI + 0 2 


as a 


H 2 0 2 is unstable, and the rate at which it decomposes (disproportion- 
ates) depends on the temperature and concentration. Many impurities 
alyse the decomposition, which may become very violent, especially 
\ concentrated solutions. Catalysts include metal ions Fe 2 *, Fe 3+ , 
", Ni 2 ", metal surfaces such as Pt or Ag, Mn0 2 , charcoal or alkali - 
even the small amount leached from glass. 

2H 2 0 2 — 2H z O + 0 2 

At one time H 2 0 2 was obtained by electrolysis of H 2 S0 4 or (NH 4 ) 2 S0 4 
at a high current density to form peroxosulphates, which were then 

hydrolysed. 


, cIcclrolvAis 

2SOj“- 


S 2 05 ‘ - + 2e 


h.s 2 o« + H 2 0 -* H : SO, + h 2 so 4 

pcroxmJisulphuric pcroxomonmulphuric 

jcid ac,< * 

H^SOs + H : 0 •-» H 2 S0 4 + H 2 0 2 

H.O, is now produced on an industrial scale by a cyclic process (Figure 
15.12). 2-Ethyl anthroquinol is oxidized by air to the corresponding quin- 
one and H.O,. The anthraquinone is reduced back to anthraqumol with 
hvdrogen a', a'moderate temperature using platinum, palladium or Raney 
nickel as catalyst. The cycle is then repeated. The reaction is carried out 
in a mixture o( organic solvents (ester/hydrocarbdn or octanol/methyl- 

naphthalene). The solvent must: 


1. dissolve the quinol and quinone 

2. resist oxidation 

3. be immiscible with water. 
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C*H»‘ 


Oh H a /Pd 

Figure 15.12 Production of H 2 0 2 . 



C*H* 


+ HjO, 


The H 2 0 2 is extracted with water as a 1% solution. This is concentre 
distillation under reduced pressure, and sold as a 30% (bv weiohtt i by 
which has a pH of about 4.0 (85% solutions are also producedI 
solutions are stored in plastic or wax coated glass vessels . 2 

negative catalysts such as urea or sodium stannate added as st»h"i W ' lh 
Solutions keep quite well, but must be handled with care since the ' M,S ' 
explode with traces of organic material or specs of dust * ma -' 

HALIDES 

Compounds with the halogens are listed in Table 15 9 Since F ■ 

electronegative than O, binary compounds are oxvoen n ? F IS more 

similar chlorine compounds are chlorine oxides Some oHhes "h "* 45 

including the oxides of iodine, are therefore descriheH r,. impounds 
•Halogen oxides'. meretore described in Chapter 16 under 

Fluorine brings out the maximum valency of six with S. Se and Te; and 


Table 15.9 Compounds with the halogi 


MX* 

mx 4 

mx 2 

m 2 x 2 

M 2 X 

Others 



of 2 

ci 2 o 

Br 2 0 

0,F, 

cio 2 

BrO, 

OjF,. 0,F 2 

ci 2 o„. Cl,0 7 
BrOj 

SF* 

SF, 

SCI, 

sf 2 

SCI 2 

S 2 F 2 

S,CI 2 


I 2 0,, I,0„, 1; 

ssf 2 , s,f 4 . s 

SeF 6 

SeF, 


S 2 Br 2 




SeCI, 

SeBr. 


Se 2 Cl 2 



TcF 6 

TeF 4 


Se 2 Br 2 




TeCI, 

TeBr, 

Tel, 

PoCI, 

PoBr, 

Pol, 


TeCI 2 

TeBr, 

Tel 2 

PoCI, 

PoBr 2 

(PoI 2 )‘ 


Compounds shown in parentheses 


are unstable 





SeF 6 and TeF* are all formed by direct combination. They are all col- 
^ ^less gases and have an octahedral structure as predicted by the VSEPR 
°^ e ory The low boiling point indicates a high degree of covalency. 


Electronic structure 
ol sulphur - excited 
state 

six unpaired electrons form bonds with six fluorine atoms, 
hence octahedral shape 



SF is a colourless, odourless, non-flammable gas, which is insoluble in 
water and extremely inert. It is used as a gaseous dielectric (insulator) in 
high voltage transformers and switchgear. SeF 6 is slightly more reactive 
and TeF 6 is hydrolysed by water. This is possibly due to the larger size 
of Te which permits the larger coordination number necessary in the first 

stage of hydrolysis. 

TeF 6 + 6H 2 0 — 6HF + H 6 TeO ft 


Coordination numbers greater than 6 are not common, but TeF 6 does add 

F" ions, forming [TeF 7 ]' and [TeF 8 ] 2_ . 

Many tetrahalides are known. It is difficult to prepare tetrafluondes by 
direct combination even with diluted F 2 , because they readily change to 
hexafluorides. SF 4 is gaseous, SeF 4 liquid and TeF 4 solid. They have been 

prepared: 

S + F 2 (diluted with N 2 ) -* SF 4 and SF 6 

3SCI 2 + 4NaF - SF 4 + S,CI 2 + 4NaCI 
S + 4CoF, — SF 4 + 4CoF 2 
SeCI 4 + 4AgF -* SeF„ + 4AgCI 
Te0 2 + 2SeF„ -* TeF 4 4 2ScOF 2 


F 4 is highly reactive, but is more stable than the lower fluorides. In con- 
ast to the relatively stable hexafluorides, the tetrahalides are very sensitive 


to water. 

SF 4 + 2H 2 0 -* S0 2 + 4HF 


SF 4 is a powerful fluorinating agent. 

3 SF 4 + 4BCI* -> 4 BFi + 3C1 2 + 3SCI 2 

5SF 4 + I 2 O 5 + 50SF 2 

It is a useful selective fluorinating agent for organic chemicals, for 
example: 

R— COOH — R—CF, 

r 2 C=0 —■ r 2 cf 2 

r —CHO -» R— CHF, 

R— OH - RF 
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Cl 



Cl 


Figure 1$.13 Structure of TeCh 


^oupT^toechalcogens 


^hir»rides bv direct reaction with chlorine. 
S, Se. Te and Po form re ra 0 iher te , rac h| or ides are solids. 

SC,, i, a rarhar nnsrab'd ^ wilh „„ equ.fmiel ^ 

The structure of TeCl 4 15 13 ) | t j s probable that the other 

ition occupied by a lone pair (Figure 15.UJ- V 

tetrahalides are similar. 


Electronic structure of 
tellurium atom - excited 
state 


5# 

0 


5 P 


5d 


four unpaired electrons can form bonds with four chlorine atoms 
five electron pairs, hence trigonal b.pyramid with one position 


TeCI 4 reacts with hydrochloric acid and gives the complex ion [TeCI 6 ] 2 
which is isomorphous with [SiF *] 2 and [SnClf,) 

TeCl 4 -I- 2HC1 — H 2 [TeCI 6 ] 

Po also forms complex halide ions and a series of compounds (NH 4 ) 2 [PoXf,J 
and CslPoX^] and Cs 2 [PoX„] are known where X is Cl, Br or I. 

Tetrabromides of Se, Te and Po are known, but SeBr 4 is unstable and 
hydrolyses readily. 

2SeBr 4 —► Se 2 Br 2 + 3Br 2 
SeBr 4 + 4H 2 0 — |Se(OH) 4 ] + 4 HBt 

unstable 

i 

H.SeO, + H : 0 

Te and Po are the only elements which form tetraiodides. 

SC1 2 is the best known dihalide. It is a foul smelling red liquid (m.p. 
-122°C, b.p. 59 °C). Heating S and Cl 2 gives S 2 C1 2 , and if this is saturated 
with chlorine SCI 2 is formed. Reacting SC1 2 with hydrogen polysulphides 
at low temperatures yields a range of dichlorosulphanes. 

H 2 S 2 + 2SCl 2 - S 4 C1 2 + 2HC1 
4- 2SCI 2 ► S (n + 2 ) CI 2 *f 2HC1 

SC1 2 is commercially important since it readily adds across double bonds in 
alkenes. It has been used to produce the notorious ‘mustard gas’, first used 
in World War I, and more recently in 1988 in the Iran-Iraq war. 

SC 1 2 + 2CH 2 =CH 2 — S(CH 2 CH 2 C 1) 2 

di(2-chlorocthyl) sulphide 
or mustard gas 

Mustard gas is not a gas but a volatile liquid (m.p. 13°C, b.p. 215°C). It 
was sprayed as a mist that stayed close to the ground, and was blown by 
gentle winds onto the enemy. It causes severe blistering of the skin and 
death. In living cells it is converted into the divinyl compound (Cf^CHhS 
which reacts with and disrupts proteins in the cell. 
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The dihalides form angular molecules, based on a tetrahedron with two 

P0S, , ,10n /,^T ^J° ne pairs ’ The lone pairs distort the tetrahedral 
angle of 109°28 to 103 in SCI 2 , 101.5° in F z O and 98° in TeBr 2 . 


Electronic structure of 
sulphur atom - ground 
state 


3C 


3 P 


0 

U 

T 

0 

1 -,-■ 


mo unpairea electrons can form bonds with two chlonne atoms 
lour electron pairs, hence structure is tetrahedral with two lone pairs 


Dimeric monohalides such as S 2 F 2 , S 2 CI 2 , Se 2 Cl 2 and Se 2 Br 2 are formed 
by direct action between S and Se and the halogens. These monohalides 
are hydrolysed slowly and tend to disproportionate. 

2S 2 F 2 + 2H 2 0 — 4HF + S0 2 + 3S 

+ 11 +iv 0 

2SeCl 2 -► SeCl 4 + Se 

S 2 CI 2 is a toxic yellow liquid (m.p. -76°C, b.p. 138°C), with a revolting 
smell. It is commercially important in vulcanizing rubber, and in preparing 
chlorohydrins. The use of S 2 C1 2 has been described earlier for making 
rings of sulphur atoms with 7-20 atoms. 

H 2 S 8 + S 2 CI 2 Sjn + 2HC1 

It can also be used to make dichlorosulphanes. 

H 2 S„ + 2S 2 CI 2 -► S ( „+ 4) CI 2 + 2HCI 

The structure of S 2 CI 2 and the other monohalides is similar to that of 
H 2 0 2 , with a bond angle of 104° which is'due to distortion by two lone 

P 3 ‘ rS 

S 2 F 2 is an unstable compound. It is formed by the action of a mild 
fluorinating agent such as AgF on S. (Direct reaction of S with F gives 
SF 6 , and even when the F is diluted with N 2 it gives SF 4 .) S 2 F 2 exists in two 
different isomeric forms, F—S—S—F (like Cl S S an 

O—H), and thiothionyl fluoride S=SF 2 . . . 

The compound S 2 F,„ has an unusual structure, of two octahedra joined 

together. 


COMPOUNDS OF SULPHUR AND NITROGEN 

A number of ring and chain compounds containing S and J' e *' S ‘ 
elements N and S are diagonally related in the periodictable and1 have 
similar charge densities. Their electronegativities are dose (N 3.0, S 2.5 

so covalent bonding is ^^'f.^V^Teuual bonding theories, 
structures which cannot be explained oy uk « * 

Attempting to work out oxidation states is unhelpful or misleading. 
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The best known is tetrasulphur tetramtnde S 4 N 4 , and this is the starting 
amt for many other S-N compounds. S 4 N 4 may be made as follows: 


6SCI : + 16NHx-* S 4 N 4 + 2S + I4NH 4 CI 
CC,a S 4 N 4 + 8S + 12NH,CI 


6S 2 CI 2 + 16NH, 

6S 2 CI 2 + 4NH 4 CI — S 4 N 4 + 8S + 16HCI 

S 4 N 4 is a solid, m.p. 178°C. It is thermochromic . that is it changes colour 
with temperature. At liquid nitrogen temperatures it is almost colourless, 
but at room temperature it is orange-yellow', and at 100 C it is red. It j$ 
stable in air, but may detonate with shock, grinding or sudden heating. 
The structure is a heterocyclic ring. This is cradle shaped, and differs 
structurally from the S K ring, which is crown shaped. The X-ray structure 
(Figure 15.14) shows that the average S—N bond length is 1.62 A. Since 
the sum of the covalent radii for S and N is 1.78 A. the S—N bonds seem 
to have some double bond character. The fact that the bonds are of equal 
length suggests that this is delocalized. The S. . .S distances at the top 
and bottom of the cradle are 2.58 A. The van der Waals (non-bonded) 
distance S. . .S is 3.30A, and the single bond distance S—S is 2.08A 
This indicates weak S—S bonding, and S 4 N 4 is thus a cage structure. 

Many different sizes of rings exist, for example cyclo-S 2 N?. cyclo-S 4 N, 
cyclo-S 4 N}Cl, cyclo-SjNjCIv In addition bicyclo compounds S, |N 2 , S^N 2 
S|„N 2 , S 17 N 2 and S,yN 2 are known. The last four may be regarded as two 
heterocyclic S 7 N rings, with the N atoms joined through a chain of 1-5 
S atoms. 

S 4 N 4 is ver\ slowly hydrolysed by water, but reacts rapidly with warm 
NaOH with the break-up of the ring: 

S 4 N-» + 6NaOH + 3H : 0 — Na 2 S 2 0 4 + 2Na 2 S0 7 + 4NH, 

hJ J a N n J -r ,ed f h :? CCU solu,ion lhe " » formed. This 

has an e.ght-membered S-N ring, with the F atoms bonded to S. This 

results from breaking the S—S bonds across the ring Similarlv the for¬ 
mation of adducts such as W-BF, or S 4 N 4 -SbF, (in which'thee xtra 
group is bonded to N) breaks the S c ^ a 1'- ° C " mC eXlra 

S-N d,stance from 1 62 A to Ug T rJ ^ ,ncreases ,he "T 

electron attractihg power of BF,or SbF withd* preSUmab J 5 ' because the 
d ens i t y. ^bh s withdraws some of the n electron 

Reduction of S 4 N 4 with SnPi u m. . 

S 4 (NH) 4 . Several .mides can be made PVeS te ' rasul P hur te,raim ^ e 
with NHv These ,mides are related ,o an 7'“"* jN ;7 h S ' ° f I 
S atoms have been replaced bv Sk g ,n wh,ch one or m0 , 

S„(NH) ; . S,(NH), a-nd S 4 (NH) 4 8r ° UpS ‘ f ° r example in S ’ NH ' 

If S 4 N 4 is vaporized under redur^.t 

wool, then disulphur d,nitrogen s,N is foTmed"^ ' hr ° Ugh ' 


S 4 N 4 + 4Ag S ,N 2 + 2Ag,S + N, 


ouciiiiicu uy uciiiioocii n ic 


i 




S,N, is a crystalline solid, which k ki 

organic solvents. It explodes with 6 'u Wa,er but soluble in many 

- ,h. four »,o ms .r= P »«r, ”, "I 

The most important reaction of S,N i«L 

solid or vapour to form polythiazvl fSNt tL -° W P 0, y ,ner,za,i °n of the 
solid that looks like a metal It . , ,S 3 bronze loured shiny 

creases as the temperate delreases whi^^ 1 '^ and COnduc ‘ iv "y in¬ 
comes a superconductor at 0 26 K Th C IS l yP lca l of a metal. It be- 
four-membered rings in S-N have I T , S ' rUCtUre shows ,ha ' ,he 
chain polymer. TheatomshLea^", P °' ymerized int0 a ,on « 
•almost flat. Conductivity is much erLef ^ ‘ he Cha,n is 

directions, and so the polymer behaves as a cl'dlmLMonal'me'.y'r^ 
resistivity is quite high at room temperature (about 1 x in 9 ..nhm i 

; «**'•T •« *«.. * Iff ™ . 4k'"su T"Z ;ft 

for values for other elements.) ' rt PPonoix j 


ORGANO DERIVATIVES 

Oxygen forms many organo derivatives R,0. which are called ethers 
Similar derivatives of S. Se and Te may be prepared usine Grienard or 
organolithium reagents: 

SCI, + 2LiR-^ R,S + 2LiCI 
SCI 4 + 4RMgCI -♦ R 4 S + 4MgCI : 

Dialkyl sulphides R : S have a similar structure to water (tetrahedral with 
two positions occupied by lone pairs), and the lone pairs make them useful 
donor molecules. 

Haemoglobin is the pigment in the blood of most animals. It is red when 
dioxygen is present and blue when there is ho dioxygen. Haemoglobin is es¬ 
sential for absorbing molecular dioxygen in the lungs, where it forms oxy- 
haemoglobin. Oxyhaemoglobin releases the dioxygen in the parts of the 
body where it is needed, forming (reduced) haemoglobin. Haemoglobin 



Hglire 15.15 Structure of haem. 
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has a molecular weight of about 65(XX). It is made up of four haem groups, 
which are flat heterocyclic porphyrin ring systems containing iron and a 
globular protein (Figure 15.15). (See ‘Bioinorganic chemistry of iron’, 
Chapter 24.) Haemoglobin reacts with O 2 and forms oxyhaemoglobin. In 
this complex the 0-0 axis of the 0 2 molecule lies parallel to the plane of 
the porphyrin ring, with two equal Fe . . . O distances. It is thought that 
molecular dioxygen is 71 bonded to the iron. 

A few transition metal complexes can also form n bonded complexes 
with molecular oxygen. 

L 4 Pt + 0 2 — L 2 Pt0 2 (L = PfC^Hsh) 

Cl Cl 

/ / O 

Ldr + Oi - L->Ir' 

\ ‘ \"'-o 

CO CO 
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Zl 


PROBLEMS 

1. Write equations for the preparation of oxygen Jom: (a) H 2 0. (b) 

H 2 0 2 . (c) Na 2 0 2 , (d) NaNO s , (e) KCIOv (f) g • 

2. How is oxygen obtained commercially, and what arc its main uses? 

3. Compare the oxides of Na and Ca with those of S and N Comment on 
their melting points, the nature of the bonding, and their reactions 

with water, acids and bases. 


4 In what wavs and 


kocic m av oxides be classified? 


5. Use the molecular orbital theory to describe the bonding in each of 
the following and give the bond order and magnetic properties (para- 
magneticor diamagnetic) in each case: (a) O 2 (b) superoxide ion 0 2 , 
(c) peroxide ion 0 2 _ 


6 . Explain the following facts: 

(a) Liquid oxygen sticks to the poles of a magnet but liquid nitrogen 
does not. 

(b) The N—0 + ion has a shorter bond length than does NO, even 
though the latter has an extra electron. 

7 How is ozone prepared in the laboratory? What is its structure and 
what are its main uses? There is a layer of ozone in the upper atmos¬ 
phere: why is this important to man? 


8 . Give equations for the reaction between 0 2 and (a) Li, (b) Na, (c) K, 
(d) C. (e) CH 4 . (f) N 2 , (g) S, (h) Cl 2 , (i) PbS, (j) CuS. 

9. Why have oxygen molecules the formula 0 2 whilst sulphur is S K ? 

10. Describe one method by which hydrogen peroxide is prepared. Give 
the structure of H 2 0 2 in the gas phase. Write balanced equations for 
the reaction of H 2 0 2 with: 

(a) an acidified solution of KMn0 4 

(b) aqueous HI 

(c) an acidic solution of potassium hexacyanoferrate(ll) 

11 . What are the main sources of sulphur? Which are the two most 
common allotropic forms? 

12. Describe the Frasch process for mining sulphur. 

13. Describe the changes which occur on heating sulphur. 

14. Explain the differences in bond angles and boiling points of H : 0 
and H 2 S. 


15. Explain how n bonding occurs in 0 2 , O,, SO, and SOj'. 

16. Describe how sulphuric acid is manufactured on an industrial scale. 
List its main uses. 
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PROBLEMS 


i 



)7 Describe the preparation, properties and structure of S0 2 . SO,. 
H^SO^. H 2 S>O m . 

IS. ( 3 ) Describe the differences in structure between gaseous and solid 
SO,. 

(b) What reaction occurs between SO, and H 2 S0 4 ? Give the struc¬ 
ture of the product. 

(c) Describe the action of heat on NaHSO,. 

(d) Compare the structures of the SO;" and S 2 0^“ ions. 

(e) What reaction occurs between Na : S : 0, and 1>? 

(f) Why are sulphurous acid and sulphites reducing? 

19 Compare and contrast sulphuric acid, selenic acid and telluric acid. 

20. How is Na 2 S 2 0, made 0 Explain its uses in photography and volumetric 
analysis. 

21. What are the mam fluorides of sulphur 0 How are they made, what are 
their structures and what are their uses 0 

22. Explain why SF,, is unreacme towards water but TeF,, reacts. 

23. Suggest reasons why SF„ is known but OF„ is not. 
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Group 17 — the halogens 


Table 16.1 Electronic structures and oxidation states 


Element 


Electronic configuration 


Oxidation states’ 

Fluorine 

F 

|H,-| iv; -V 

-1 


Chlorine 

Cl 

|Nc| -V.3 p 

-1 +1 

4 III + IV 4 V 4 V| 4 V|| 

Bromine 

Br 

| ArJ .V"’ 4r V 

-1 +1 

4 III 4 |V 4 V 4 VI 

Iodine 

I 

(Kr) 4</"’5r V 

-1 41 

4111 4 V 4 VII 

Astatine 

At 

(Xe| 4f ,J .Sr/ 1 " br ty/ 




• The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less import,int states are shown 
in normal type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 


INTRODUCTION 

The name halogen comes from the Greek, and means salt former. The 
elements all react directly with metals to form salts, and they are also very 
reactive with non-metals. Fluorfne is the most reactive element known. 

The elements all have seven electrons in their outer shell. The s 2 p- 
configuration is one p electron less than that of the next noble gas. Thus 
atoms complete their octet either by acquiring an electron (i.e. through 
forming an ionic bond, giving X ). or by sharing an electron with another 
atom (thus forming a covalent bond). Compounds with metals are typically 
ionic, whilst those with non-metals are covalent. 

The halogens show very close group similarities. Fluorine (the first 
element in the group) differs in several ways from the rest of the group. 
The first element of each of the main groups all show- differences from the 
subsequent elements. The reasons for the difference are: 

1. The first element is smaller than the rest, and holds its electrons more 
firmly. 

2. It has no low-lying d orbitals which may be used for bonding. 

The properties of chlorine and bromine are closer than those between 
the other pairs of elements because their sizes are closer. The ionic radius 



I_ occurrence and abundance 

of cr is 38% larger than that of F~ hut . 

larger than that of Cl - . The relatively small chan ° f Bf ‘ S ° nly 6 ' 5% 

Br- contains ten id clectrons whKhThtHH r 8C ’V" 0ccurshecause 

tively. This also results ,n the electronegativity values hetng partieuEly 
c ose for these two e ements Thus th#»m i;,.i ^ te r F dri,tu,an y 

,»• h,.„* k> c, mSZSZSZ, 

The ox.dat.on states (±1) are by far the most common. Wne he. i. is 
(-1) or (+ 1) depends on whether the halogen is the most electronegative 
element. I gher ox,da,.on states exist for all of the elements except F 
The lack of low-ly.ng empty d orbitals in the second shell prevents F from 
forming more than one normal covalent bond 

Fluorine is a very strong oxidizing agent, and this together with its 
small size allows it to form compounds that bring out the highest oxida¬ 
tion state of other elements. Examples include IF 7 . PtF„. SF„ and many 
hexafluorides. BiFs. SF<. TbF 4 , AgF : , and K[Ag ,,, F 4 ). 

The elements all exist as diatomic molecules, and they are all coloured. 
Gaseous F 2 is light yellow. Cl 2 gas is yellow-green. Br 2 gas and liquid 
are dark red-brown, and I 2 gas is violet. The colours arise from the 
absorption of light on promoting an electron from the ground state to a 
higher state. On descending the group the energy levels become closer, 
so the promotion energy becomes less and the wavelength of the band 
becomes longer. 

I 2 solid crystallizes as black flakes, and has a slightly metallic lustre. 
Though the X-ray structure shows discrete I 2 molecules, the colour is 
reminiscent of charge transfer compounds, and the properties are different 
from those of other molecular solids. The solid conducts electricity to a 
small extent, and the conductivity increases when the temperature is 
raised. This behaviour is like that of an intrinsic semiconductor, and 
different from metals However, liquid l 2 conducts very slightly. This is 
ascribed to self-iomzation: 

3I 2 ^ if + I," 

The stable isotopes of the halogens all have a nuclear spin. This is used 
in nmr spectroscopy. Chemical shifts are conveniently measured using the 
isotope ,V F. 

Several chemicals are of commercial importance and are produced on a 
vast scale. These include Cl 2 (35.3 million tonnes in 1994). anhydrous H Cl 
and hydrochloric acid (12.3 million tonnes in 1991 )„ anhydrous HF and 
hydrofluoric acid (1.5 million tonnes in 1994), Br 2 (370000 tonnes in 
1993) and CIO : (200000 tonnes/year). 

OCCURRENCE AND ABUNDANCE 

The halogens are all very reactive, and do not occur in tne free state. 
However, all except astatine are found in combined form in the earth s 
crust. (Astatine is radioactive and has a short half life.) Fluorine is the 

thirteenth most abundant element by weight in the earth s crust, and 

continued overleaf 
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Table 16.2 Abundance of the elements in the 
earth's crust. b> weight 



PPm 

Relative abundance 

F 

544 

13 

Cl 

126 

20 

Br 

2.5 

47 

1 

0.46 

62 


chlorine the twentieth. These two elements are reasonably abundant, but 
bromine and iodine arc comparatively rare. 

The main source of fluorine is the mineral CaF> called fluorspar or 
fluorite. (The name fluorspar was given because the mineral fluoresces 
that is it emits light, when it is heated.) World production was 3.6 million 
tonnes in 1992. The largest producers are China 42%, Mexico. Mongolia 
and the Soviet Union 8% each, and South Africa 7%. Another well 
known fluorine containing mineral is fiuoroapatite [3(Ca*(P0 4 L • CaF.] 
This is used primarily as a source of phosphorus. It is not used to produce 
FiF and F : because the mineral contains appreciable amounts of SiOv The 
HF produced reacts with the SiO : in the mineral to form tluorosilicic acid. 
HilSiF,,). Some FL[SiF„) is made in this wav and is used as an alternative 
to NaF for fluoridizing drinking water. The mineral cryolite Na^[AIF r> ) is 
rather rare. It is found only in Greenland, and is used in the electrolytic I 
extraction of aluminium. 

The most abundant compound of chlorine is NaCI. and it is used to 
produce virtually all the CL and HCI made. World consumption of NaCI 
was 183.5 million tonnes in 1992. Some salt is mined, and some is obtained 
by solar evaporation of sea water. Chlorides and bromides are leached 
from the land by rain, and are washed into the sea Sea water usually 1 
contains about I5000ppm (1.5%) of NaCI. Certain inland seas contain 
much more (the Dead Sea contains 8% and the Great Salt Lake. Utah, 
contains 23%). The dried-up beds of inland lakes and seas contain large 1 
deposits of NaCI. mixed with smaller amounts of CaCL. KCI and MgCb. ! 
In contrast, the fluoride content of sea water is very low (1.2 ppm). This is 

because the water contains a large concentration of Ca : * and CaF- is 
insoluble. 

Bromides occur in sea water, Iodides only occur in low concentration in 
sea water, but they are absorbed and concentrated bv seaweed. At one 
time iodine was extracted from seaweed There are now berer sources 
Natural brines have higher concentrations of l \ Sodium lodate NalO, and 
sodium periodate Nal0 4 occur as impurities in NaNO, deposits in Chile. 

EXTRACTION AND USES OF THE ELEMENTS 
Fluorine 

Fluorine is extremely reactive, and this causes great difficulties in the 
preparation and handling of the element. The first preparation of fluorine 
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was by Moissanin 1886. He was subsequently awarded the Nobel Prize for 
Chemistry in 1 >6 for this work. Fluorine is obtained by treating CaF 2 with 
concentrated H : S0 4 to give an aqueous mixture of HF. This is distilled, 
gelding anhydrous liquid HF. Then a cooled solution of KHF 2 in anhy¬ 
drous HF is electrolysed, giving F, and H 2 (figure 16.1). 

CaF 2 + H 2 S0 4 CaS0 4 + 2HF 
KF + HF —» K|HF,| 

HF + K[HF ; ] —H 2 +> F 2 
There are many difficulties in obtaining fluorine. 

1. HF is corrosive, and etches glass and also causes very painful skin 
wounds. These arise partly by dehydrating the tissue, and partly from 
the acidic nature of HF. The wounds are slow' to heal because F ions 
remove Ca : " ions from the tissues. 

2. Gaseous HF is also very toxic (3ppm) compared with HCN (10ppm). 

3. Anhydrous HF is only slightly ionized and is therefore a poor conductor 
of electricity. Thus a mixture of KF and HF is electrolysed to increase 
the conductivity Moissan used a solution of KF in HF with a mole ratio 
of 1:13. This has the disadvantage that the vapour pressure of HF is 
high, and this gives problems with toxicity and corrosion, even when the 
reaction mixture is cooled to -24°C. Modern methods use medium 
temperature fluorine generators'. These use a mole ratio of 1:2 of 
KF: HF so that the vapour pressure of HF is much lower. This mixture 
melts at about 72 °C which is a much easier temperature to maintain. 
Note that KF and HF react to form the acid salt K [F H—F) 

4. Water must be rigorously excluded or the fluorine produced will oxidize 

it to dioxvgen. . 

5. The hydrogen liberated at -the cathode must be separated from the 

fluorine liberated at the anode by a diaphragm, otherwise they w * react 

explosively. , .... 

6. Fluorine is extremely reactive. It catches fire, for examp e wi ra 

erease or with crystalline silicon. Glass and most meta s 3re 3 3 . 

Is difficult to find suitable materials from which to make the reaction 

vessels. Moissan used a platinum U-tube. since a *17aj rCu/Niallov) 
reactive (but it is very expensive). Copper or Monel meall a "£ 
are now used instead, because they cost less. A pro* ve "“"J C 
forms on the surface of the metal and slows ^"J^ r js 

7. The cathodes are made of steel, the anodes are c^bon and teflon is 
used for electrical insulation. Graphite anodes mus[not be used, ^ 

graphite reacts with fluorine, fortnmggrap i eco^^ ^ ; heets 0 f 

fluorine atoms progressively inv p gradually stops 

carbon is used to avoid this. It is m \ 

and impregnated with copper. ion nnued overleaf 


HF F, 
(m) (otM) 


H, 

(out) 



Coowig tachct 
Carbon mod* 


Sta* taltvoO* 


- Electrolyte 


Figure 16.1 Fluorine cell. 
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Cylinders of F : are now commercially available. However, for many 
purposes F 2 * s converted to CIFi (b.p. 12 C), which though very reactive 
is less unpleasant and easier to transport. 

200-300 *C 

3 F 2 + Cl 2 --* 2CIF, 

Production of fluorine first became important for the manufacture of 
inorganic fluorides such as AIFj and synthetic Na^[ AIF ( ,]. Both are used in 
the extraction of aluminium. The natural mineral cryolite is only found in 
Greenland, and this source is largely exhausted. 

It was discovered in the 1940s that the isotopes of uranium could be 
separated by gaseous diffusion of UF 6 . This was important in preparing 
enriched uranium to make the first atomic bomb. Gaseous diffusion is^till 
used to make enriched uranium fuel for nuclear reactors. The nuclear 
industry uses about 75% of the fluorine produced. UF 6 is made as follows: 


U or U0 2 + HF 
UF 4 + F 2 
UF 4 + C\¥y 


UF 4 

UF„ 

UF* 


The fluorocarbons are a very interesting and useful group of com¬ 
pounds. derived from hydrocarbons by substituting F for H. Tetrafluoro- 
methane CF 4 is the fluorocarbon corresponding to methane. Completely 
fluorinated compounds C„F 2 „* 2 are called perfluoro compounds. Thus 
CF 4 is perfluoromethane Perfluoro compounds have very low boiling 
points lor their molecular weight: this is associated with very weak inter- 
molccular forces. Fluorocarbons are extremely inert. Unlike methane 
CF 4 can be heated in air without burning. Fluorocarbons are inert to 
concentrated UNO, and I l 2 S0 4 . to strong oxidizing agents such as KMn0 4 
or Oj. and to strong reducing agents such as Li[AIH 4 ) or C at 1000°C. 
They arc attacked by molten Na. When pyrolysed at very high tempera- 

C p r=Vi ? ther lhan the C ~ F bonds. Tetrafluor- 

octhenc F 2 C Cf 2 (b.p. -76.6 X ) can be made: 


2CHCIF- 


intxrc 


CF 2 =CF 2 + 2HCI 


Ruoroalkenes of this type can be DolvmerbpH .u 

frpp raHir^i initiatr«r n i P ymerized cither thermally, or using a 

tree radical initiator. Depending on the deorp<» . . , . 

on r d "T? : 

(polythene). P«lpe.r.«.„ TO1 £" c „ ) c ’”' , “™ ,nS f 5 , 

ccirind'c^ 





[_ -_ fXTR ACTION and uses of the elements 

aerosol propcHams They too are very inert, and are discussed later. 
CFjCHBrCI is used as an anaesthetic called Fluothane. 

Another use of F 2 is to make SF 6 , which is a very inert gas used as a 
dielectric (insulating) medium for high voltage equipment. F-, is also used 
to make other fluorinating agents CIF,, BrF, and IF< and SbFs. The earlier 
use of liquid F 2 as an oxidizing agent in rocket motors has now been 
discontinued. Anhydrous HF has many uses 

Traces of fluoride ions F in drinking water (about 1 ppm) greatly 
reduce the incidence of dental caries (tooth decay). The F ions make the 
enamel on teeth much harder, by converting hydroxyapatite [3(Ca 3 (P0 4 )2 • 
Ca(OH) 2 ] (the enamel on the surface of teeth) into the much harder 
fluoroapatite [3(Ca 3 (P0 4 ) 2 • CaF 2 |. However, F concentrations above 2 
ppm cause discoloration, the brown mottling of teeth, and higher concen¬ 
trations are harmful. In some places NaF and H 2 |SiF„) are added to 
drinking water, where the natural water is very soft and contains insuf¬ 
ficient naturally occurring F - ions. NaF is now used in fluoride toothpaste 
(The original fluoride toothpaste contained SnF 2 and Sn 2 P 2 0 7 .) 


Chlorine 

Chlorine was first prepared by Scheelc by oxidizing HCI with MnO : . This 
method was used as a laboratory preparation, but chlorine is now readily 

available in cylinders. 

H 2 S0 4 + NaCI HCI + NaHS0 4 

4HCI + Mn0 2 —► MnCI 2 + 2H 2 0 + Cl 2 

Gas prepared from Mn0 2 in this way must be purified. First it is 
through water to remove HCI. and then through concentrated H 2 S0 4 to 
remove water. It may be further dried by passing it over a an * 
Chlorine is produced commercially on a vast scale by two mam methods. 
(About 35.3 million tonnes were produced in 1994.) 

1. By the electrolysis of aqueous NaCI solutions in the manufacture of 

2. By°ekctrolys,s of fused NaCI in the manufacture of sodium. (See 
Chapter 10.) 

Before I960 chlorine was a b ^ pr " dU "J^ 

there has been a ereat increase in the use - pvr^ 

mere nas oeen a great in „uinriH<* (14 9 million tonnes of PVC 

facture of plastics such as polyvinyl c ( * . 

were made in 1991). Thus chlorine is now the major product. 

2NaCI + 2HjO 2NaOH + Cl: + 2H. 

elect roly*c pi 

2NaCI-- 2Nj + L - 

i Hv oxidizing HCI with air, using the 
At one time chlorine was produc * (S chapter 10.) How- 

Deacon process. This process became obsolete (See L ^ 
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ever, a modified Deacon process is now used to a small extent It util, zes 
HCI obtained as a by-product from the pyrolysis of 12-d,chloroethane 
to vinyl chloride, and uses an improved catalyst (CuCI, ith didymium 
oxide as promoter; didymium is an old name meaning twin , and it con¬ 
sists of two lanthanide elements praseodymium an neo ymium). This 
works at a slightly lower temperature than the original process. 

CH : CI-CH : CI CH : =CHCI + HCI 

Chlorine gas is toxic. It was used as a poison gas in World War I. The 
gas is detectable by smell at a concentration of 3 ppm. and 15 ppm causes a 
sore throat and running eyes. Higher concentrations cause coughing, lung 
damage, and death. 

World production of chlorine is about 35.3 million tonnes per year (the 
Soviet Union 43%, the USA 24%, Germany 7%, Canada and France 3% 
each, and Japan and the UK 2% each). About two thirds of this is used to 
make organic chloro compounds, one fifth for bleaching, and the rest for 
the manufacture of a variety of inorganic chemicals. The main two organic 
compounds produced are: 

1 ,2-dichloroethane 
vinyl chloride monomer 

Both are used in the plastics industry. Other uses include the production 
of: 

chlorinated solvents including methyl and ethvl chlorides 

perchloro- and dichloroethene 

mono-, di- and trichlorobenzene 

benzene hexachloridc 

the insecticide DDT 

chlorinated phenols 

°T h h0rm ° neS < 2 - 4 - dich| orophenoxvace.ic acid and 2 4 6- 
lr.chlorophenoxyace.ic acid are used as selective weedkillers) 

Large amounts of chlorine are ucpH fr»r ku 

paper. Chlorine is widely used throLhouMh“V WOOd ' PU ' P ^ 
drinking water, because i, kills bacteria lu f ° P !, WOrld '° pUnf> 
variety of inorganic chemicals including:' 10 make 3 wide 

bleaching powder 
sodium hypochlorite NaOCI 
chlorine dioxide CICL 
sodium chlorate NaCIO, 
many metal and non-metal chlorides 

Bromine 

Bromine is obtained from sea water w 

about 65 ppm Br~ Thus 15 tonnes f nne * a ^ es ^ ea waler contains 
bromine. Bromine is extracted ° SCa waler contain about 1 kg of 

Sca watcr . but it is more economic 
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,o use more concern,a,cd brine s,, urC es such as ,hc Dead Sea or Hnne 
Irom wdls in Ark.ms.js and Mithu-.n has. . . 

2000 - 5000ppm ol Hr H.sU SO"a, ^ C °" Um ' 

i . Th.„ i , M > M, ‘ is added to ad|ust the pH to about 

VS Then a, ({as ,s passed through the u.tutum to owdwe the B,‘ to 

Bf ihJr'l' 't ' ,n . tX, " np C of ‘Waccrncnl of one clement h> another h.eher 
in inc electrochemical series 

Cl 2 f 2Hr — 2Cr ♦ Br 

I he Br, ts removed by a stream of air. because Br, ,s qu „e voU.tk The 

pas ts passed through a solution of Na ? CO, uhen the Br « abu.rbed 

formmp a mixture of NaHr and NaBrO,. Finally the solution ,s acrf.hed 
anil distilled to give pure bromine 


3Br> f 3Na 2 CO»—• 5NaBr ♦ NaBrO, ♦ XT). 

5NaBr + NaBrO, + 3H,S0 4 - 5HBr + HHrO, ♦ JNa,S0 4 

5HBr + HBrO, — 3Br, + 3H : 0 j 

World production of bromine was 370000 million tonnes in 1993 (the 
USA 45%, Israel 36%, the UK 8% and Japan 4%). In 1955 ah»*jt 90% 
was used to make 1,2-dibromoelhane. CH 2 Br • CH : 3r, but the figure is 
now under 50%. 1,2-dibromoethane is added to petrol to act as a lead 
scavenger. Tetraethyl lead is added to petrol to improve its octane rating 
but when it burns it forms lead deposits. 1,2-dibromocthar.e is added to 
prevent the build-up of lead deposits on the sparking plug and in the 
engine The lead passes out with the exhaust gases, mainly as PbCIBr The 
use of PbEt 4 as an anti-knock additive to petrol has already declined and 
will decline further because of legislation against its use. and environ¬ 
mental concern over the toxic effects of lead. Therefore the use of 1.2- 
dibromoethane has also declined. 

Almost 20% of the bromine produced is used to make organic deriva¬ 
tives such as methyl bromide, ethyl bromide and dibromochloropropane 
These arc used in agriculture: MeBr acts as a nematocide (kills earth¬ 
worms) and as a pesticide against insects and fungi. The other compounds 
are used as pesticides. 

Nearly 10% is used to make flame retardants. Bromo compounds rru> 
be included in the polymerization when making acrylic and polyester 
hbres It is more common to ‘fireproof fabrics and carpets bv treating 
them with tns(dibromopropyl)phosphate. (Br : C\HX>hPO This may be 
done either when spinning the thread, or after manufacture. 

Other uses include the manufacture of photographic emuhx>ns and 
pharmaceuticals AgRr is light sensitive and is used for photographic films, 
and also tor water sanitation and dvestutls kBr is used as a sedative, and 
as an annco.ivul^ant in treating epilepsy. 


Iodine 


rhcrc are two different commercial methods of obtaining iodine The 
method used depends on whether the source is Chile saltpetre or natural 

t r vt/TAiart/ n\rr1nif 





brines (for example from wells in Oklahoma or Michigan USA, and 

Japan). r .. 

Chile saltpetre is mainly NaN0 3 , but it contains traces of sodium iodate 

NaI0 3 and sodium periodate NaI0 4 . Pure NaN0 3 *s obtained by dissolv- 
ing saltpetre in water and crystallizing NaN0 3 . The iodate residues thus 
accumulate and concentrate in the mother liquor. Eventually, this con¬ 
centrate is divided into two parts. One part is reduced with NaHS 0 3 to 
give I". This is mixed with the untreated part, giving I 2 , which is filtered 
off as a solid and then purified by sublimation. 

2I0 3 + 6HS0 3 — 21" + 6 SO 4 " + 6 H + 

51" + 10 3 " + 6 FT — 3I 2 + 3H 2 0 

Sea water contains only about 0.05 ppm of 1", which is too low for 
commercial recovery. Natural brine, which may contain 50-100ppm, is 
treated with Cl 2 , to oxidize I" ions to I 2 . This is blown out with air in the 
same way as bromine. Alternatively, after oxidation with Cl 2 , the solution 
may be passed through an ion-exchange resin. The I 2 is adsorbed on the 
column as the triiodide ion I 3 , and finally is removed from the resin by 
treatment with alkali. 

World production of 1 2 was 17 500 tonnes in 1992 (Japan 42%, Chile 
35 /o, the USA 11 %, and the Soviet Union 9%). There is no one dominant 
use. Half is used to make a variety of organic compounds including 
iodoform CHI 3 (used as an antiseptic), and methyl iodide CH,I. Agl is used 
for photographic films, and for seeding clouds to produce rain. Small 
amounts of iodine are required in the human diet, so traces (10 ppm) of Nal 
are added to table salt. KI is added to animal and poultry feeds. The thyroid 
gland produces a growth regulating hormone called thyroxine which con¬ 
tains iodine. Deficiency of iodine causes the disease goitre. Iodine has 
“7 ™ antiseptic; tincture of iodine is an aqueous solution of 1 2 

French 1 ? dlne f a sol “»on in alcohol. In the laboratory iodides 
and lodates are used in volumetric analysis, and Nessler s reagent LlHgl.l 
is used to detect ammonia. 6 21 B 41 


Astatine 

a " ificial isotopes have 

(half life 8.3 hours), and 2 "a, (half 1*^7 sT' SUbl ;' S 0 , 0 P es are ‘ c At 

made in 1940 by a nuclear reaction in k 7 u 5 u . hours )- The latter was first 
high energy a particles. * h ' Ch bismuth was bombarded with 

« Bi + ’He - *»a, + 2> 

Tracer methods were used to 

quantities of about 10~ u mole Th ^ ° emislr ' ‘ M At, using minute 
capture and by a-emission (see ChaDte!°?? de ? yS by ° rbl,al electr ?" 
Astatine appears to resemble iodine quite closely " M ° deS ° f V 
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Tabic 16.3 Ionic and covalent radii 



Covalenl radius 

(A) 

Ionic radius X~ 

(A) 

F 

0.72 

1.33 

G 

0.99 

1.84 

Br 

1.14 

1.96 

I 

1.33 

2.20 


IONIZATION ENERGY 

The ionization energies of the halogens show the usual trend to smaller 
values as the atoms increase in size. The values are very high, and there is 
little tendency for the atoms to lose electrons and form positive ions. 


Table 16.4 Ionization and hydration energies, electron affinity 



First 

Electron 

Hydration 


ionization 

affinity 

energy X” 


energy 




(kJ mol -1 ) 

(kJ mol -1 ) 

(kJ mol' 1 ) 

F 

1681 

-333 

-513 

Cl 

1256 

-349 

-370 

Br 

1143 

-325 

-339 

1 

1009 

-2% 

-274 

At 

- 

-270 

- 


The ionization energy for F is appreciably higher than for the others, 
because of its small size. F always has an oxidation state of (-1) except in 
^ 2 - It forms compounds either by gaining an electron to form F , or by 
sharing an electron to form a covalent bond. 

Hydrogen has an ionization energy of 1311 kJ mol 1 , and it forms H 
ions. It is at first surprising that the halogens Cl. Br and I have lower 
ionization energies than H. vet they do not form simple X ions. The 
ionization energy is the energy required to produce an ion from a single 
isolated gaseous atom Usually we have a crystalline solid, or a solution, 
so the lattice energy or hydration energy must also be considered. Because 
H* is very small, crystals containing FU have a high lattice energy, and 
in solution the hydration energy is also very high (1091 kJ mol ). The 
negative ions also have a hydration energy. Thus H ions are formed 
because the lattice energy, or the hydration energy, exceeds the ionization 
energy, ] n contrast the hal.de ions X" would be large and thus have low 
hydration and lattice energies. Since the ionization energy wou e arger 
than the lattice energy or hydration energy, these ions are not normally 
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Table 16.5 Flcclronegat.v.ty ami eleclrode polen.ial 


Pauling’s 

electronegativity 


Standard 
electrode 
potential £ c 
(volts) 



formed. However, a few compounds arc known where P is stabiliseI by 
forming a complex with a Lewis base, for example [I(pyridme) 2 ] N0{. 
These are discussed later under ‘Basic properties of the halogens . 

The electron affinities for the halogens are all negative. This shows that 
energy is evolved when a halogen atom gains an electron, and X —► X . 
Thus, the halogens all form halide ions. 


TYPE OF BONDS FORMED AND OXIDATION STATES 


X /°\ /\ /°\ y* 

(a) 


\ A / 

At Al 

✓ V 

(b) 

Figure 16.2 Structure of (a) 
BeCl 2 and (b) AIC1 3 . 


Most compounds formed by the halogens and metals are ionic. However, 
covalent halides are formed in a few cases where the metal ions are very 
small and have a high charge. (The structures of BeCL and AICI* are 
unusual - see Chapters 11 and 12.) 

The halogens all have very high electronegativity values (see Table 
16.5). When they react with metals there will be a large electronegativity 
difference: hence they form ionic bonds. Halide ions are produced quite 
easily. This is shown by the large electron affinity values (Table 16.4). 
Note that energy is evolved when a gaseous halogen atom gains an elec¬ 
tron, and also because of their large positive standard electrode potentials 
for X 2 |2X“ (Table 16.5). (The standard electrode potentials may be 
converted to an energy term using the relationship ACT 0 = -nFE°, where 
n is the number of electrons (2 in this case), and F is the Faraday constant 
96 486 kJ moP 1 .) The E° values decrease down the group and thus the 
energy evolved on forming halide ions also decreases down the group. 
Many iodides are partly covalent. For example, Cdl 2 forms a layer struc¬ 
ture, and all the iodides have much lower melting points than the fluorides. 

When two halogen atoms form a molecule, they form a covalent bond. 
Most compounds between the halogens and non-metals are also covalent. 
Fluorine is always univalent, and since it is the most electronegative 
element it always has the oxidation number (-1). With Cl. Br and I. a 
covalence of one is the most common. The oxidation state may be either 

( —I) or ( + 1) depending on which atom in the molecule has the greater 
electronegativity. 

Cl, Br and 1 also exhibit higher valencies, with oxidation numbers of 


1 
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(+I |I), ( + V) and ( +VII). These higher valency states are covalent and 
anse quite logically by promoting electrons from filled p and " levels to 

empty d levels. The unpa.red electrons then form three five or seven 
covalent bonds. There are numerous , c u » ’. e or seven 

the interhalogens and halogen oxides. P tS ° ' gher va ency states m 


Electronic structure of 
halogen atom - ground 
state 



inner 


shell 



(Only one unpaired electron, so can only form 


n P nd 



one covalent bond) 


Electronic structure of 
halogen atom - excited 
state 


full 

inner 

shell 



(Time unpaired electrons, so can torn three covalent bonds) 



Electronic structure of full 

halogen atom - further inner 

excited state shell 

(Five unpaired electrons, so can form 



five covalent bonds) 



Electronic structure of full 

halogen atom - still inner 

further excited shell 

(Seven unpaired electrons, so can form seven covalent bonds) 



The oxidation states ( + IV) and ( + VI) occur in the oxides CIO,, BrO, 
Cl 2 0 6 and BrO v 


MELTING AND BOILING POINTS 

The melting and boiling points of the elements increase with increased 
atomic number. At room temperature, fluorine and chlorine are gases, 
bromine is liquid, and iodine is a solid. In temperate climates, only two 
elements are liquid at room temperature, bromine and mercury. (In very 
hot climates caesium and thallium are also liquid.) At atmospheric pres¬ 
sure I 2 solid sublimes without melting. 


Table 16.6 Melting and boiling points 



Melting point 

rc) 

Boiling point 

(°C) 

F, 

-219 

-188 

ci, 

-101 

-34 

Bn 

-7 

60 

U 

114 

185 
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Table 16.7 Bond energy and bond lengths of X 2 



Bond energy 
(free energy of 

Bond length X : 


dissociation } 

(A) 


(kJ mol"') 

F 

126 

1.43 

Cl 

210 

1 99 

Br 

158 

2.28 

I 

118 

2.66 


BOND ENERGY IN X 2 MOLECULE 

The elements all form diatomic molecules. It would be expected that the 
bond energy in the X 2 molecules would decrease as the atoms become 
larger, since increased size results in less effective overlap of orbitals. CL. 
Br : and I : show' the expected trend (Table 16.7), but the bond energy for 
F 2 does not fit the expected trend. 

The bond energy in F : is abnormally low (126kJmor'), and this is 
largely responsible for its very high reactivity (Other elements in the first 
row- of the periodic table also have weaker bonds than the elements which 
follow m their respective groups. For example in Group 15 the N—N 
bond in hydrazine is weaker than P—P. and in Group 16 the O—O bond 
in peroxides is weaker than S—S.) Two different explanations have been 
suggested for the low bond energy: 

1. Mulliken postulated that in CL. Br 2 and 1 2 some pd hybridization 
occurred, allowing some multiple bonding. This would make the bonds 
stronger than in F : in which there are no d orbitals available. 

2. Coulson suggested that since fluorine atoms are small, the F—F 
distance is also small (1.48 A), and hence internuclear repulsion is 
appreciable. The large electron-electron repulsions between the lone 
pairs of electrons on the two fluorine atoms weaken the bond. 

Il seems unnecessary lo invoke multiple bonding to explain these facts, 
and the simpler Coulson explanation is widely accepted. 


UXIDIZ.ING POWER 

Electron affinity is the tendency of the atoms to gain electrons. This 

™^" a m ™ mUm al chlonne (See Table 16.4.) Oxidation may be 

electron* Th Celcctrons - 50 that an oxidizing agent gains 
electrons. Thus the halogens act as oxidizing agents. The strength of an 

tems'andTh'! al " S 0xlda,ion Potential) depends on several energy 
(Figure 16.3). ** represenled b y a Born-Haber type of energy cycle 

standard^ 3 ! *° n p °! en,la '' s ,bc energy change between the element in its 
standard state, and in its hydrated ions. Thus for iodine the change is from 
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A 


A 


Energy 


Jx 


| Enthalpy of 
dissociation 




t 


2 Enthalpy of vaporization 


evaporation 


1 y 

2 A 2(l*qoid) 


A 


2 Enthalpy 
of 

fusion 


2 *2<M*id) 


Oxidation 

potential 

for 

bromine 



Oxidation 

potential 

for 

chlorine 


Fimre 16 3 Energy cycle showing the oxidation potentials of the halogens. 
(Oxidation potential is used here in preference to reduction potential to stress that 
the halogens are strong oxidising agents. Note AG ntt ) 

'I to I,-. . h, Thus the oxidation potential is equal to the sum of 
g , He enthalpies cl Won. .action and dissent,- 

tion, less the energy evolved as the electron affinity and enthalpy of 

r«ri2* £=r- =£ 

Table 16.8 Enthalpy (A/P values for jX; - < a " values in U mo1 } 


\ Enthalpy 
of fusion 


$ Enthalpy 
of 

vaporization 


F 2 

Cl 2 

Br 2 

I 2 


+ 15/2 


+ 30/2 
+42/2 


A Enthalpy 
of 

dissociation 

Electron 

affinity 

Enthalpy 

of 

hydration 

Sum 

of 

A/T 

+ 159/2 
+243/2 
+ 193/2 
+ 151/2 

-333 

-349 

-325 

-2% 

-513 

-370 

-339 

-274 

-836 

-597.5 

-552.5 

-466 


Electron 

affinity 


» 

X< e « S ) 


Enthalpy 

of 

hydration 


XfrryOr 
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J 


since they are gases, both the enthalpies of fusion and vaporization must 
be omitted.) 

Chlorine has the highest electron affinity, so gaseous Cl atoms accept 
electrons most readily. However, Cl is not the strongest oxidizing agent. 
Table 16.8 shows that, summing all the energy terms in the cycle, fluorine 
has the most negative A H° value. Since the difference between A G° and 
A//° is not significant, it follows that fluorine accepts electrons more readily 
than chlorine, so fluorine is the strongest oxidizing agent. There are two 
main reasons for this change of order: 

1. F 2 has a low enthalpy of dissociation (arising from the weakness of the 
F—F bond). 

2. F 2 has a high free energy of hydration (arising from the smaller size of 
the F“ ion). 

Fluorine is a very strong oxidizing agent, and it will replace Cl~ both in 
solution and also when dry. Similarly, chlorine gas will displace Br~ from 
solution. (This is the basis of the commercial extraction of bromine from 
sea water.) In general any halogen of low atomic number will oxidize 
halide ions of higher atomic number. 


REACTION WITH WATER 


The halogens are all soluble in water, but the extent to which they react 
with the water, and the reaction mechanism that is followed, vary. Fluorine 
is so strong an oxidizing agent that it oxidizes water to dioxygen. The 
reaction is spontaneous and strongly exothermic. (The free energy change 
is large and negative.) Oxidation may be regarded as the removal of 

electrons, so that an oxidizing agent gains electrons. Thus the fluorine 
atoms are reduced to fluoride ions. 


F 2 + 3H 2 0 - 2H,0* + 2F~ + j0 2 AC° = -195k)mor 1 

A similar reaction between chlorine and water is thermodynamically 

possible, but the reaction is very slow because the energy of activation 
is high. 


Cl 2 + 3H 2 0 -» 2H,0 + + 2CI- + i0 2 
With chlorine an alternative disproportionation reaction occurs rapidly: 


Oxidation state of chlorine 


Cl 2 + h 2 o 
(<>) 


HCI + HOCI 
(-n (+D 


Cl-. 
Bn 
I, 


Solubility 

Concentration 

Concentration 

(moll' 1 ) 

X 2 (hydrated) 
(moll -1 ) 

HOX 

(moll' 1 ) 

0.091 

0.21 

0.00 h3 

0.061 

0.21 

0.0013 

0.030 

1.1 x 10'' 
6.4 x 10'" 
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A similar disproportionation reaction nrnirc »r» o . . 

r, I TTK..O . l on occurs to a very limited extent with 

Br, and I : . Thus a saturated aqueous solution of Cl 2 at 25°C contains 
about two thirds hydrated X 2 and one third OCP. Solutions of Br 2 and I 2 

OI respectively^ am ° Um ° f ° Br “’ and a ne ^ li e ,ble amount of 

Iodine is an even weaker oxidizing agent. The free energy change is 

posthve. which shows that energy must be supplied to make it oxidize 
water. 


I 2 + H 2 0 —> 2H + + 21 + t 0 2 AG° = +105 kJ mol -1 

It follows that for the reverse reaction AG° would be -105kJmor\ 
so the reverse reaction should occur spontaneously. This is the.case. 
Atmospheric dioxygen oxidizes iodide ions to iodine. At the end point of an 
iodine titration with sodium thiosulphate, the iodine originally present is all 
converted to iodide ions. Thus the bluish colour produced by the starch 
indicator with iodine disappears, and the solution becomes colourless. 

I 2 + 2S 2 0 2 r — 21“ + S 4 Oj" 

If the titration flask is allowed to stand for two or three minutes, the 
indicator turns blue again. This is because some atmospheric oxidation has 
taken place, forming I 2 , which reacts with the starch to give the blue colour 
again. 

21" + K) 2 + 2H+ -> I 2 + H 2 0 

The end point of the titration is usually taken as being when the coloui 
disappears and the solution remains colourless for half a minute. 


REACTIVITY OF THE ELEMENTS 

Fluorine is the most reactive of all the elements in the periodic table. It 
reacts with all the other elements except the lighter noble gases He, 
Ne and Ar. It reacts with xenon under mild conditions to form xenon 
fluorides. (See Chapter 17.) Reactions with many elements are vigorous, 
and often explosive. In the massive form a few metals such as Cu, Ni, Fe 
and Al acquire a protective fluoride coating. However, if these metals are 
in powdered form (with a large surface area), or if the reaction mixture is 
heated, then the reaction is vigorous The reactivity of the other Imogens 
decreases in the order Cl > Br > I. Chlorine and bromine ^act with mo 
of the elements, though less vigorously than does fluorine, od.n e,s less 

reactive and does not combine with some elements such as S and Se^ 
„ . “ .,. elements further than do bromine and 

» £» valencies. ,oe ..ample in PB„ 

— 

. . F—F bond (which results in a low 

1. The low dissociation energy of th 

activation energy for the reaction). 

2. The very strong bonds which are orme 
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• Unstable and explosive. 


Both of these properties arise from the small sue of fluorine. The weak 
F-F bond arises because of repulsion between the lone pairs of electrons 
on the two atoms. Strong bonds arise because of the high coordination 

number and high lattice energy. . 

Some bond energies are shown in Table 16.10. These explain why the 

halogens form very strong bonds. Many are stronger than the C C bond, 

which is itself regarded as a very strong bond. (The C—C bond energy is 

'lA'I X, I 


Table 16.11 Some reactions of the halogens 


Reaction 

Comment 

2F 2 + 2H 2 0 — 4H* + 4F~ + 0 2 

Vigorous reaction with F 

2I 2 + 2H 2 0 *—4H + + 4X“ + 0 2 

I reaction in reverse direction 

X 2 + H 2 0->H* + X- + H0X 

Cl > Br > I (F not at all) 

X 2 + H 2 — 2HX 

All the halogens 

nX 2 + 2M — 2MX n 

Most metals form halides 

F the most vigorous 

x 2 + co -» cox 2 

Cl and Br form carbonyl halides 

3X 2 + 2P - PX 3 

All the halogens form trihalides 

As, Sb and Bi also form trihalides 

5X 2 + 2P-* PX 5 

F, Cl and Br form pentahalides 

AsF,. SbF,. BiF s . SbCl 5 

X 2 + 2S — S 2 X 2 

Cl and Br 

2 CI 2 + S — SCI. 

Cl only 

3F 2 + S-SF 6 

F only 

X 2 + H 2 S — 2HX + S 

All the halogens oxidize S 2 “ to S 

x 2 + so 2 so 2 x 2 

F and Cl 

3 Xi + 8NH3 —► N 2 + 6NH4X 

F, Cl and Br 

X 2 + Xi - 2XX' 

X 2 + XX-.X'Xj 

Interhalogen compounds formed higher 
interhalogen compounds 


I 
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HYDROGEN HALIDES HX _ _ 

HYDROGEN halides HX 

It is usual to refer to pure anhydrous HX compounds as hydrogen halides, 
and their aqueous solutions as hydrohalic acids or simply halogen acids. 

The halogens all react with hydrogen and form hydrides HX, though 
except for HCI this is not the usual way of preparing them. Reactivity 
towards hydrogen decreases down the group. Hydrogen and fluorine react 
violently. The reaction with chlorine is slow in the dark, faster in day¬ 
light. and explosive in sunlight. The reaction with iodine is slow at room 
temperature. 


Industrially HF is made by heating CaF 2 with strong H,SO„. Th * reacl 
is endothermic: hence the need for heating. It is important tha 2 
impurities are removed from the CaF 2 . as otherwise they consume much 

of the HF produced. 

CaF : + H : S0 4 — CaS0 4 + 2HF 
SiO : + 4HF -* SiF 4 + 2H 2 0 
SiFj + 2HF ( .„, - H 2 [SiF„] 

The HF is purified by succes^ve washing, cooling "s 

1 oj »««o—.»»<«* 

cupboard. Solutions of HF are cane y metal apparatus made 

acid at,acks glass with ,he 

formation of fluorosilicate ions [SiF 6 ] 

„ ic e l 2 ” + 2H + + 2H 2 0 
Si0 2 + 6 HF - (SiF 6 ) + 

n^ntrations above 80%. The main 
Surprisingly little corrosion occurs a. concentrations 

uses of HF are as follows: 

1 . Two thirds are used to make and as the 

sometimes called CFCs. They are us^ ^ bejng phased ou , because 
propellant in aerosols. The atmosphere. (See Chapter 

they damage the ozone layer m the PP 

13 . under Tetrahalides .) 

-anhydrous conJHion^ CC|j p 2 + 2HCI 

■ecu + :hf — f,con 


OL.amicu uy wen i looai n ic 
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2. About 14% is used to make A1F, a"d synthetic cry b,, ^ ^ 

electrolytic extraction of aluminium. (See ^ a P ,er ^ 

3. About 2% is used for uranium process.ng (through mtermed,ates UF 4 

4. AbouM% is used in the anhydrous form as an alkylation catalyst in 
the petrochemical industry, for making long chain alkylbenzene 
compounds. These are then converted into alkylbenzene sulphonates 

and used as detergents. 

5. Aqueous HF is used for pickling steel (about 4 /„) and for etching glass, 
making herbicides and many metal fluorides and also BF,. 

B 2 0, + 6HF c '~ 2BF, + 3H,S0 4 H,0 


A I n 


XL LI L 


1AIC 


iij n 


HCI 

HCl is produced on a very large scale. World production was 12.3 million 
tonnes in 1991 (USA 24%, China 21%, Germany and Japan 7% each, 
France and Italy 5% each, and Belgium 3%). There arc several different 
preparative methods: 

1. At one time HCI was made exclusively by the salt cake’ method. 
In this method, concentrated H 2 S0 4 was added to rock salt (NaCI). The 
reaction was endothermic, and was performed in two stages at different 
temperatures. The first of the reactions was carried out at about 150*C. 
The solid NaCI reacted with H 2 S0 4 and became coated with insoluble 
NaHSOj. This prevented further reaction. 2 nd accounts for the name 
‘salt cake’. In the second stage, the mixture was heated - to about 550°C. 
when further reaction with H 2 S0 4 occurred and Na 2 S0 4 was formed 
This by-product was sold, mostly for paper making (Kraft process). 


NaCI - 1 - H 2 S0 4 --► HCI (g) + NaHSQ 4 


ssirr 

NaCI + NaHS0 4 —L HCI (f , + Na,S0 4 

2. Large amounts of impure HCI have become available in recent yean 
as a by-product from the heavy organic chemical industry. For example 
HCI is produced in the conversion of 1.2-dichloethane CH 2 C1 —CHtC 
to vinyl chloride CH : =CHCI. and in the manufacture of chlorinatec 
ethanes and chlorinated fluorocarbons. This is now the largest source ol 

3. High purity HCI is made by direct combination of the elements. A 
gaseous mixture of H, and Cl, is explosive. However, the reaction pro 

* ? U,e ^ 1 * e 8 ases arc burnt in a hydrogen-chlorine flame in < 
4 HCM Z! ,US " 0n , m 4 ber The P roccss IS wrongly exothermic. 

”Ln,rated H,S? "^7." ' ab0ra,Or > ^ trea «'"* NH ^ C1 
in the ‘cai» rak ‘ 4 COSlS morc t * 1an NaCI (which was use(i 

he salt cake process). However. NH»CI is preferred because 


) 


| 


1 
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NH4HSO4 is soluble, and the reaction 

st3ge . Ct,0n does not s top at the halfway 

2NH.CI * H,SO, _ 2HCI * (NH.),SO, 

*1.. • d A salura,ed elution at 20 °C contains 

42% HCI by weigh,. and conce ntrated . ac|d norma , |y abou| «" s 

HCI by weight (approx. 12 M). Pure hydrochloric acid is colourless, but 

* 3re SOme ’ ,meS ye "° W of contamination by 

Fe(III).The largest use is for -pickling- metals, that is removing oxide 

layers from the surface. It is also used to make metal chlorides, in the 
manufacture of dyestuffs, and in the sugar industry. 

Gaseous HCI is conveniently prepared in the laboratory from concen¬ 
trated HCI and concentrated H 2 S0 4 . 
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HBr and HI 


HBr and HI are made by the reaction of concentrated phosphoric acid 
H 3 PO 4 on metal bromides or iodides, in a similar reaction to the 'salt cake' 
process for HQ. Note that a non-oxidizing acid such as phosphoric acid 
must be used. Concentrated H 2 S0 4 is a strong oxidizing agent and would 
oxidize HBr to Br 2 and HI to I 2 . 

H3PO4 + Nal —► HI + NaH 2 P0 4 

The usual laboratory preparation involves reducing bromine or iodine 
with red phosphorus in water. Thus HBr is made by adding bromine to a 
mixture of red phosphorus and water. For HI, water is added to a mixture 

of phosphorus and iodine. 

H 1 PO 4 + NaBr — HBr + NaH 2 P0 4 

2P + 3Br 2 —► 2PBri * 6H -+ 6 HBr + 2 H 3 PO 3 


red 

2P + 


31- 


2 P|,I^ 6 HI + 2H,PO, 


HF is only just liquid at room temperature (b.p. 1MTJ’ an ^a° 
HBr and HI are gases. The boiling points increase regularly from HCI, 


TaMe It. 12 Some properties of HX compounds 


HF 

HQ 

HBr 

HI 


Melting 

point 

-83.1 

-114.2 

-86.9 

-50.8 


Boiling 

point 

CQ_ 

19.9 

-85.0 

-66.7 

-35.4 


Density 

(gem -1 ) 

0.99 
1.19 
2.16 
2.80 


pK a 

values 

Composition of 
azeotrope 
(weight %) 

3.2 

35.37 

-7 

20.24 

-9 

47.0 

-10 

57.0 
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H H 


• F * F A / 

\ M \ H H H* \ H 

V V V v V 

Figure 16.4 Hydrogen-bonded chain in solid HF. 


•• / 
F 


HBr to HI. but the value for HF is completely out of line with the others. 

The unexpectedly high boiling point of HF arises because ° f *he hy¬ 
drogen bonds formed between the F atom of one molecule and the H atom 
of another molecule. This links the molecules together as (HF)„. and they 
form zig-zag chains in both the liquid and the solid. Some hydrogen 
bonding also occurs in the gas. which consists of a mixture of cyclic (HF ) 6 
polymers, dimeric (HF) 2 , and monomeric HF. HCI. HBr and HI are not 
hydrogen bonded in the gas and liquid, though HCI and HBr are weakly 
hydrogen bonded in the solid. 

Hydrogen bonds are generally weak (5-35 kJ mol" ) compared with 
normal covalent bonds (C—C 347kJmor'), but their effect is highly 
significant. The most electronegative elements fluorine and oxygen (and to 
a lesser extent chlorine) form the strongest hydrogen bonds. (The bond 
energy of the hydrogen bond in F—H.. . F is 29 kJ mol 1 in HF( g) ). 

In the gaseous state the hydrides are essentially covalent. However, 
in aqueous solutions they ionize. H" are not produced since the proton 
is transferred from HCI to H 2 0, thus giving [H 3 O)*. HCI, HBr and HI 
ionize almost completely and are therefore strong acids. HF only ionizes 
slightly and is therefore a weak acid. 

HCI + H 2 0- (H 3 0]+ + Cl" 

The aqueous solutions form azeotropic mixtures with maximum boiling 
points, because of a negative deviation from Raoult's law. Azeotropic 
mixtures are sometimes used as standards for volumetric analysis, because 
the azeotrope always has the same composition. 

Though HCI, HBr and HI completely ionize in water, the degree of 
ionization is much less in poorer ionizing solvents such as anhydrous acetic 
acid. HCI ionizes less thai. HI in glacial acetic acid as solvent. Thus in 
acetic acid, HI is the strongest acid, followed by HBr and HCI, and HF is 
the weakest. 

It is at first paradoxical that HF is the weakest acid in water, since HF 
has a greater electronegativity difference than the other hydrides, and 
therefore has more ionic character. However, acidic strength is the ten¬ 
dency of hydrated molecules to form hydrogen ions: 

^^Ihydnied) * ^(hydrated) ^(hydrated) 

This may be represented in stages: dissociation, ionization and hydration 
in an energy cycle. 
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Figure 16.5 Energy cycle showing the acid strengths of the halogens. 


The acid strength is equal to the sum of all the energy terms round the 
energy cycle in Figure 16.5. 

acid strength = enthalpy of dehydration 

+ enthalpy of dissociation 
+ ionization energy of H* 

+ electron affinity X 
+ enthalpy of hydration of H + and X" 

•"* '*«»« •“-«asss 

apparent if the various thermodynamic 
The dissociation constant k for the change 

HX(hydratcd) ^ Howled) + X( hy dr..c<l) 
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is given by the equation: 


AC° = -RT In k 


(where AG° is the Gibbs standard free energy, R the gas constant and 
T the absolute temperature). However, A G depends on the change in 
enthalpy A H and the change in entropy A S 

AG = A/Y - 7AS 

Table 16.13 shows the enthalpy changes (AH) for the various stages in the 
above energy cycle. 

Consider first' the total enthalpy change AH for the dissociation of 

into H,| lvi |,. lh .j, and X (hydr . ltc> „. The AH values for the various 

halogen acids are all negative which means that energy is evolved in the 

process, so the change is thermodynamically possible. However, the value 

for HF is small compared with the values for HCI, HBr and HI Thus HF 

is only slight y exothermic in aqueous solution whereas the otherc evolve 
a considerable amount of heat. crs evolve 

The low total AH value for HF is the result of several factors. 

1. The enthalpies of dissociation show that the H P a x. 

stronger than the H— Cl. H—Br or H_i k ■ "i. F bond ,s much 

energy of HF is nearly twice that rem Th “ S lhe dissocia,ion 

strength of the HF bond is also shnu, . ^ ! red to dissociate HI. (The 
compared with 1.7 A in HI.) " ' <he sbon bond •ength of 1.0A 

2. The enthalpy of dehydration for the sten hy 

much higher for HF than for the others ^ * < u yd ™ ,ed) HX <*“> “ 

hydrogen bonding which occur in aqueouV^HF^?^ ° f the S ‘ r0ng 

3. The unexpectedly low value for th» ous HF solutions. 

tributes, and though the enthalpy of burf*™" affin,ty of F also con- 
not enough to offset these other terim^ 3 ' 10 " ° f F * S Very high * h is 

If allowance is made for ihe 7AS 

into corresponding AC values. FroJH' ‘ he AH values ca " be converted 
obtained: HF * = 10'\ HCI k = to* 'I 16 d ‘ ss ociation constants are 

The dissociation constants show o,,;,'. i * = 10 "’ and HI k = 10". 

c early that HF is only very slightly 
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ionized in water and is therefore a weak acid. In a similar way, the others 
are almost totally dissociated, and are therefore strong acids. 

Liquid HF has been used as a non-aqueous solvent. It undergoes self¬ 
ionization: ° 

2HF^[H 2 F] + + F- 

Acid-base reactions occur in this solvent system. However, the solvent 
itself has a very strong tendency to donate protons. Thus when the familiar 
mineral acids HN0 3 , H 2 S0 4 and HCI are dissolved in HF, the mineral 
acids are forced to accept protons from the HF. Thus the so-called mineral 
acids are actually behaving as bases in this solvent. The very strong proton 
donating powers of HF mean that very few substances act as acids in HF. 
Perchloric acid is an exception, and it does behave as an acid. The only 
other known acjds in liquid HF arc fluoride acceptors such as SbF,, NbF 5 , 
ASF 5 and BF 3 . Many compounds react with HF, thus limiting its usefulness 
as a solvent. It is a useful medium for preparing fluoro complexes such as 
[SbF 6 ]~, and fluorides. 


HALIDES 
Ionic halides 

Most halides where the metal has an oxidation state of ( + 1), ( + 11), or 
+(III) are ionic. This includes Group 1 , Group 2 (except Be), the lan¬ 
thanides, and some of the transition metals. Most ionic halides are soluble 
in water, giving hydrated metal ions and halide ions. A few are insoluble: 
LiF, CaF 2 , SrF 2 , BaF 2 , and the chlorides, bromides and iodides of Ag( + I), 
Cu(+I), Hg( + I) and Pb( + II). The solubilities usually increase from F“ to 
Br to Cl“ to 1 “ (provided that they are all ionic), because the lattice 
energy decreases as the ionic radii increase. 


Molecular (covalent) halides 

Among the metals which show variable valency, the highest oxidation state 
is usually found with the fluorides. Thus osmium forms OsF 6 , but only 
OsCl 4 , OsBr 4 and OsI 4 . High oxidation states are covalent. For a metal 
with variable oxidation states, the higher oxidation states will be covalent 
a nd the lower ones ionic. For example, UF 6 is covalent and gaseous, 
whereas UF 4 is an ionic solid. Similarly PbCl 4 is covalent and PbCI 2 is 
•°nic. Most of the more electronegative elements also form covalent 
halides, sometimes called molecular halides. A large number of these are 
hydrolysed quite readily by water: 

BCI 3 + 3H 2 0 -> H 3 BO 3 + 3H* + 3CP 
SiCI 4 + 4H 2 0 -> Si(OH ) 4 + 4H* + 4CP 
PCI 3 + 3H 2 0 — H 3 PO 3 + 3H+ + 3CP 
PCI, + 4H 2 0 — HiP0 4 + 5H* + 5CI" 



r v . vfUMi iu 



GROUP 17 - THE HALOGENS 


Sometimes when the maximum covalency is obtained, the halides are inert 
to water. Thus CCI 4 and SF„ are stable. This is because of kinetic rather 
than thermodynamic factors, and CCI 4 does hydrolyse with superheated 
steam to form phosgene COCI 2 . Molecular halides are usually gases or 
volatile liquids. This is because there are strong bonds within the molecule, 
but only weak van der Waals forces holding the molecules together, a 
number of fluorides show multiple bonding when the central atom has 
suitable vacant orbitals. This contributes to the high strength and shortness 
of many bonds of fluorine (B—F, C F, N F and P F). 


Bridging halides 

Halide bridges are sometimes formed between two atoms. (Less com¬ 
monly they are formed between three atoms.) Thus AICU forms a dimeric 
structure whereas BeF 2 and BeCI 2 form infinite chains. The bridges are 
depicted as the halogen forming one normal covalent bond, and donating 
a lone pair of electrons to form a second (coordinate) bond. Both bonds 
are identical. The bridge may be described in molecular orbital terms as 
a three-centre four-electron bond. Halogen bridges involving chlorine 
and bromine are typically bent, but those involving fluorine may be either 
bent or linear. Several pentafluorides such as NbFs and TaF s form cyclic 
tetramers with linear bridges. 


Preparation of anhydrous halides 

There are several general methods for making anhydrous halides: 


Direct reaction of the elements. 

Most metals react vigorously with F 2 , and give fluorides in the highest 
oxidation states. Some non-metals such as P and S explode. Elevated 
temperatures are usually required to prepare chlorides, bromides and 
iodides. 


2Fe + 3F : — 2FeF, 
Fe + Br 2 —» FeBr 2 
Fe + I 2 —> Fel 2 


Reactions are easier in a solvent such as tetrahydrofuran, though the 
products are often solvated. 


Reacting the oxide with carbon and the halogen 

It is assumed that the carbon first reduces the oxide to the metal, followed 
by reaction of the metal with the halogen. 

TiO, + C + 2CI 2 - TiCI 4 + C0 2 
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Reaction of metal with anhydrous HX 

Many metals will react with HF, HCI, HBr or HI gases. 

2AI + 6 HCI -+ 2AICU + 3H 2 
Cr + 2HF —► CrF 2 + H 2 
Fe + 2HC1 —> FeCI 2 + H 2 


Reaction of oxides with halogen compounds 

Heating halogen compounds such as NH 4 CI, CC1 4 , C1F 3 , BrF 3 , S 2 C1 2 or 
SOCI^ with oxides often gives halides. 

_ VIU'C 

Sc.O, + 6 NH 4 CI-. 2ScCI, + 6 NH, + 3H 2 0 

H00°C 

2BeO + CCI 4 -► 2BeCI 2 + C0 2 

3U0 2 + 4BrF 3 — 3UF 4 -l- 3Br0 2 + jBr 2 
3NiO + 2C1F 3 — 3NiF 2 + Cl 2 + ijQ, 


Halogen exchange 

Many halides will react either with the halogens, or with excess of another 
halide and replace one halogen atom by another. Thus several metal 
fluorides such as AgF 2 , ZnF 2 . CoF 3 , AsF 3 , SbF 3 and SbFs can be used to 
make fluorides, and also HF. 

PCU + SbF 3 —> PF*. + SbCK 
CoCI 2 + 2HF — CoF 2 + 2HC1 

Chlorides may be converted to iodides by treatment with KI in acetone. 
Similarly KBr can be used for bromides. 

TiCI 4 + 4KI — Ti ! 4 + 4KCI 


Dehydrating hydrated halides 

Hydrated halides may be prepared in a variety of ways, such as dissolving 
carbonates, oxides or metals in the appropriate halogen acd ^Evaporation 
gives hydrated halides. Some of these may be dehydrated simply by 
heatine^or bv heating in a vacuum, but oxohalides are often produced. 
Chlorides may be dehydrated by distill,ngwi.hth^ 
halides may be dehydrated by treatment with 2,2-d.methoxypropane. 

VCI, - 6 H :0 + 6SOCI2 - VCI 3 + 12HCI + 6S0 2 
CrF,6H 2 0 + 6CH,C(OCH,) 2 CH,^ CrF, + .2CH,OH + 6(CH,) 2 CO 

halogen oxides 

Tk ,, .1, n.vcen probably show greater differences between 

The compounds with oxygen p x compound. Differences 

the different halogens than any other class 01 F 
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Table It. 14 Compounds of the halogens wuh oxygen (and their oxidation st.^, 


Oxidation 

(-D 

( + IV) 

(+V) 

(♦VI) 

(+vnn 

Others 

state 

(♦I) 






Fluorides 

OF 2 (-I) 

o 2 f 2 (-d 




a ; a 

0,Fj ~ 

Oxides 

G 2 0 ( + l) 

GO; 


0:0, 

CIO, 

Cicio, 



Br 2 Of ♦ I) 

BrO ; 

1,0, 



1*0, | : 0 4 


between F and the others arise for the usual reasons (small size, iacx of</ 
orbitals and high electronegativity) In addition oxygen is less electro¬ 
negative than F, but more electronegative than ( I, Br and I. Thus binary 
compounds of F and O are fluorides of oxygen rather than oxides of 
fluorine. The other halogens are less electronegative than oxygen and thus 
form oxides. There is only a small difference in electronegativity between 
the halogens and oxygen, so the bonds are largely covalent Rather sur¬ 
prisingly l 2 0 4 and I 4 O v arc stable and ionic 

Most of the halogen oxides arc unstable, and tend to explode when 
subjected to shock, or sometimes even when exposed to light The iodine 
oxides are the most stable, then the chlorine oxides, but the bromine 
oxides all decompose below room temperature The higher oxidation 
states are more stable than the lower stares Of the compounds shown in 
Table 16.14, CIO,,*0,0, 1,0, and OF, are the most important. 

OF 2 Oxygen difluoride 

OF, is a pale yellow gas. formed by passing F 2 into dilute (2%) NaOH 

2F : + 2NaOH — 2NaF + H : 0 + OF, 

OF, is a strong oxidizing agent, and has been used as a rocket fuel It re 
acts vigorously with metals. S, P and the halogens, giving fluorides and 
oxides. It dissolves in water and gives a neutral solution, so it is not an acid 
anhydride. With NaOH it gives ftuonde ions and dioxygen. 


0 2 F 2 Dioxygeti difluoride 

0,F> is an unstable orange-yellow solid, and is a violent oxidizing and 
fluonnating agent. It is formed by passing an electric discharge through a 
mixture of F, and 0 : at very low pressure and at liquid air temperature. I* 
decomposes at -95"C. Its structure is similar to that of H,0 : . except that 
bond length of 1 22 A is much shorter than the O—O distant* 
of 1.48 A in H^O, The O— F bond lengths are 1.58 A. which is much 
onger t an 1 in 2 . 0 4 F, is made in a similar wav. and apparently contains 
* eham of tour oxygen atoms 0,F, and 0„F, have been reported. 



C 1 : 0 Dichlorinc monoxide 

Cl : 0 is 3 yellow -brown gas It is commercial!) important Both laboratory 
and commercial preparations are b\ heating freshly precipitated (vcllow) 
mercunc oxide with the halogen gas diluted with dr\ air 

2CI : + 2HgO HgCU* HgO ♦ Cl ; 0 

CFO explodes in the presence of reducing agents, or NHj, or on heating 

3Cl r O - 10NH, 6 NH 4 CI 4 2N : + 3H : 0 

0-0 gas is sen soluble in water (144g Cl : 0 dissolves in lOOg H r O at 
-9°C). forming hypochlorous acid, and the two are in equilibrium. 

Cl : 0 + H : 0 - 2H0CI 

Cl : 0 disseises in NaOH solution, forming sodium hypochlorite. 

Cl : O 4 - 2NaOH — 2NaOCI + H : 0 

Most of the Cl : 0 produced is used to make hypochlorites. NaOCI is sold 
in aqueous solution Ca(OCl); is a solid. An impure form mixed with 
Ca(OH) : and CaCI; is sold as bleaching powder'. The latter is also made 
bs passing C! : into Ca( 0 H) 2 - These are used to bleach wood pulp and 
fabrics, and as disinfectants Some CUO is used to make chlorinated 
solvents. 

The structures of OF : . Cl : 0 and Br : 0 are all related to a tetrahedron 
with two positions occupied bv lone pairs of electrons. 


Electronic structure of 
orygen atom in its 
ground stale 

Electronic structure of 
o*ygen atom having gamec 
two electrons Dy forming 
bonos to r*o haiogen atoms 


i« 2* 2 P 



fou* electron pa>rs - tetraneOrai 
m ?h cx?v**ons cosup<eO by lone pairs 


Repulsion between the lone pairs reduces the bond angle |^rrstim* 
tetrahedral angle of 109*28’ to 103" (F.gure 16.6). In Cl 2 0 (and pre urn- 
able Br : 0) the bond angle is tncreased because of ster.c crowd,ng of the 

larger halogen atoms. 
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CI0 2 Chlorine dioxide 

CIO, is a yellow gas which condenses to a deep red liquid b.p. 1 l«c. 
spite of its high reactivity (or perhaps because of this) CIO, is of com- 
mercial importance, and is the most important of the oxides. CIO, , s , 
powerful oxidizing and chlorinating agent. Large quantities are used f 0r 
bleaching wood pulp and cellulose, and for purifying dr.nkmg water. I, , s 
30 times as effective as chlorine in bleaching flour (to make white bread). 

CIO, liquid explodes above -40»C. The gas detonates readily when 
concentrated above 50mmHg partial pressure. It explodes when mixed 
with reducing agents. Because of this, it is made in situ, and is used diluted 
with air or CO,. The safest laboratory preparation is from sodium chlorate 
^vaiir arid as this automatically dilutes the gas with C0 2 . 


2NaCIO, + 2 (COOH) 2 -^—♦ 2CIO, + 2CO, + (COONa), + 2H,0 

The gas is made commercially from NaCIO,. It is difficult to obtain total 
production figures, since for safety reasons CIO, is produced where it is 
used, and is always diluted (for safety). An estimate is 200000 tonnes 
per year half in the USA. A pure product is formed using S0 2 . Using HCI 
causes contamination with Cl,, but this may be unimportant or even useful 
for bleaching and sterilization. 

2NaCIO, + SO, + H,S0 4 ,,aCC ° tNaC ' » 2C10, + 2NaHS0 4 
2HCIO, + 2HC1 — 2CI0 2 + Cl 2 + 2H 2 0 


CI0 2 dissolves in water, evolving heat, and giving a dark green solution. 
This decomposes very slowly in the dark, but rapidly if illuminated. 

CI0 2 CIO + O 
2CIO + H 2 0 — HCI + HCI0 3 


It is also used to manufacture sodium chlorite NaC10 2 . which is also used 
for bleaching textiles and paper. 

2CI0 2 + 2NaOH + H 2 Q 2 — 2NaCI0 2 + 0 2 + 2H 2 0 


Some other reactions are: 

2C10 2 - 1 - 2NaOH — NaCIO, + NaCIO, -l- H 2 0 
2C10 2 -»- 20, Cl 2 0„ 4- 20 2 

The C10 2 molecule is paramagnetic and contains an odd number of elec¬ 
trons. Odd electron molecules are generally highly reactive and C10 2 ,s 
typical. Odd electron molecules often dimerize in order to pair the elec¬ 
trons, but CIO, does not. This is thought to be because the odd electron is 
delocalized. The molecule is angular with an O—Cl—O angle of H 8 • 
The bond lengths are both 1.47 A and are shorter than for single bonds. 
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Chlorine perchlorate Cl • CI0 4 

This can be made by the following reaction at -45 C C 

CsCI0 4 + CIOSCLF — Cs(SO,)F + CIOCIO, 

It is less stable than CI0 2 . and decomposes to 0 2 , CL and CLO* at room 

temperature. 


CI 2 Ofe Dichlorine hexoxide 

is a dark red liquid, which freezes to give a yellow solid at -180°C. 
CliOh is m equilibrium with the monomer CIO,, and is made from CI0 2 
and Ov The structure of neither the liquid nor the solid is known. Both 
are diamagnetic, and so have no unpaired electrons. Possible structures 
are shown in Figure 16.7. 



O O v O 

\ / w 

Cl Cl 

/ \/ \ 

0 0 0 


Figure 16.7 Possible structures of CLO* 


CIO* CIO4 


CLO* is a strong oxidizing agent and explodes on contact with grease. 
Hydrolysis of CLO* with water or alkali gives chlorate and perchlorate. 
Reaction with anhydrous HF is reversible. 

CLO* + 2NaOH — NaCIO, + NaCI0 4 + H 2 0 

chlorate perchlorate 

CLO„ + FLO —• HCIO, + HCIO 4 

H0CI0 2 HOCIO, 

CLO* + HF ^ FCI0 2 + HCIO 4 

CLO h •+• N 2 0 4 — CIO, + [N0 2 r[CI04) 


lichlorine heptoxide CI 2 CL 

1.0, is a colourless oilv liquid It is moderately stable and is the only 

xothermic ox.de of chlorine, but it is shock sensitive. I. « "*■*«*«*; 

illy dehydrating perchloric acid with phosphorus pentox.de or H,PO, a 

lOT. followed bv distillation a. -35 *C and a pressuretof ' 

ructure is 0,0—0—00,. with a bond angle of 1IK 36 at the central 
ructure is U,ei u . , wer oxides and does not ignite 

xygen. It is less reactive than the lower ox.oes 

rganic materials. It reacts with water, forming pe 


2HCI04 *■ 


p,o 




0 , 0 ; 


11.0 



11 


i 



Figure 16 . • Structure of I : 0«. 


V ♦ 



Oxidci of bromine 

Less is known about the oxides of bromine, and they are much less im. 
portant than those of chlorine. Br 2 0 is a dark brown liquid, prepared 
either by reacting Br 2 gas with HgO fin the same way as CLO is made), or 
by carefully decomposing Br0 2 . It does not form HOBr to any apprecj. 
able extent by reaction with water, but with NaOH it gives OBr~ (| (s a 
strong oxidizing agent, and oxidizes I 2 to l 2 Ov 

BVominc dioxide Br0 2 is a pale yellow solid It may be prepared by the 
action of an electric discharge on Br 2 and 0 2 gas at low temperature and 
pressure, or by reacting bromine and ozone at -78 C 

Br 2 + 20, - 2Br0 2 + 0 2 

It is only stable below -40*C It has a similar structure to CIO,, hut it i$ 
much less important than CIO, BrO : hydrolyses in alkaline solutions 
giving bromide and bromate 

6 BrO, + 6NaOH — NaBr + 5NaBrO* + 3H >0 

With F 2 it gives FBr0 2 . 


Oxides of iodine 

The oxides of iodine are much more stable than those of the other ele¬ 
ments. Iodine pentoxide l 2 Os forms stable white hygroscopic crystals It 
is formed by heating iodic acid HIO* to 170°C 


It is very soluble in water, and is the anhydride of iodic acid. Because is 
hygroscopic, commercial 1,0, has usually picked up some water, and has 

300-cT s , decomposes to I, and O- on heating to 

fo^the detection ! n ,, " mg agem - Whlch leads 10 '«* use analvt,calls 
Ca cuantuativelv " 1 ! ° f Carbon ™noxide 1. ox,dues CO 10 

titrated with sodium thi^TphaT^'^' ‘ ,hera,,ng lod,ne ' whlch can •* 

LOs + 5CO 5CO : + |, 

or gases from blast furnaces S forTo To ' f hdUSI gas from car en ? ines 
NO to NO, With fluorinadng 

+ I0F, -. 4 IF, + so. 

The structure of 1,0, ,s shown m Fieure If. « -ru " ... 
sional network, with strong mi, , °° 1 he solid is a three-dimen- 

molecules together rnM> ecu ^ ar 1 - . . O interactions linking 

The oxides l 2 0 4 and 1.0, are 

LOs. | : 0 4 is a yellow hvgr^ooif i rate,y s,ah,e - though levs stable than 

so i . which can be made as follows: 
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2 I 2 + 30., -» l 4 o v 

HlO. Jj 0 ’ ltr H,PO. (-II.Q) 

* UvAj 

When heated above 75 °C it decomposes to I 2 0 s 

4I 4 O v -» 6I 2 0, + 21, + 30, 


Dehydrating HI0 3 with concentrated H,SO„ gives 1,0 
above 135 °C it decomposes to l 2 O s . 


When heated 


51,0, 41,0, + l 2 


The structures of these oxides are not known, but l,0 4 is probably 
10* • IOr and l 4 O v is probably l w . (|Q^),. 


STANDARD REDUCTION POTENTIALS (VOLTS) 
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Table 16.15 The oxoacids 



HOX 

HXO : 

HXO, 

HXO, 

Oxidation states 
of the halogens 

( + D 

( + III) 

( + V) 

(♦VII) 


HOF 

HOCI 

HOBr 

HOI 

HC10 : 

HCIO, 

HBrO, 

HIO, 

HC10, 

HBrO, 

HIO, 


i v* vj i 


v’V I I V ^ 


, . ,- - 10 .i?). me structures ot i 

ions formed are shown in Figure 16.9. All these structures are based 01 
tetrahedron. The sp hybrid orbitals used for bondme form onlv weak 

e 5 and differ appreciably m energy. The ic 

»h a * sr ° n S^ n dtt bonding between full 2p orbitals on oxyg 

T'TZS ,° n ,hC hal0gen at °™ Even so. mans of the oxoac, 
are known only in solution, or as their salts 

and ,huS cannot f °™ bonds Fo. 

InoVnTha? hoV ^k! ' ha ' F COuld not form any oxoacids I. is nr 

nTI ln?h Ca " ^a made U " der s P«ial conditions, but it is ve 
unstable. No other oxoacids of F are known 
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Figure 16.9 Structures of the oxoacids. 
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Hypohalous acids HOX 


The hypohalous acids HOF, HOCI, HOBr and HOI are all known, and 
the halogen has the oxidation state ( + 1). 

HOF is a colourless unstable gas. It was first made in 1968, using the 
matrix isolation technique. F 2 and H 2 0 were trapped in an unreactive 
matrix of solid nitrogen. (This requires a very low temperature.) The 
gases were photolysed, and the HOF formed. Since this too was trapped 
in the solid nitrogen, it was unable to collide and react with any other 
molecules such as H 2 0, F 2 or 0 2 . Thus a product was obtained. More 
recently HOF has been made by passing F 2 over ice at 0 C, and removing 
the product into a cold trap. 


F 2 + h 2 o 


- 4U*C 


HOF + HF 


• i . ■ - 

HOF.is unstable, and decomposes on its own to HF and 0 2 . It is a strong 
oxidizing agent and oxidizes H 2 0 to H 2 O 2 quite readily. The — group 
occurs in F 3 C—OF, 0 2 N—OF, F 5 S—OF and O 3 CI—OF and these are a 
strong oxidizing agents. HOF should be a stronger aci t an ' 
HOCI, HOBr and HOI are not very stable, and are known only 1 

aqueous solutions. They are very weak acids, but t ey are g 

agents especially in acidic solutions. They can be prepared by shak.ng the 

halogen with freshly precipitated HgO in water, for example. 

2HgO + H.O + 2C1 2 —► HgO • HgCI 2 + 2 HOCI 

Hypochlorous acid is the most stable. Sodium d a 

well known, and is used extensively for bleach,ng cotton fabnc, and as 

a domestic bleach (sold under va"°“*Jj"^"disinfectant and’steriliz- 
Domestos, Chlorox etc.)^ U ' s f a „ by electrolysing cold brine 

ing agent. NaOCI is produced comm *1 Y y h drogen is liberated at 

whilst stirring vigorously. During * J j„ the solution, 

the cathode. This, ^ases^he con ^ ^ the OH - so they 
The stirring mixes the Cl 2 iormeu 
can react together. 

r 2 CI” —* Cl 2 

anode ( + 20H - - OCI' + Cl' + H 2 0 

cathode 2H -J “ 2 w some ex|en , in wate r, forming 

The halogens Cl 2 . Br 2 and ^ a ." d q X - jons . 
hydrated X 2 molecules and X ana 
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GROUP 17 - THE HALOGENS - 

H 2 0 + X 2 —► X 2 (hydrated) 

L_ HX + HOX 


In a saturated solution of chlorine, about two thirds exists as hydrated 
molecules, and the rest as hydrochloric and hypochlorous acids A much 
smaller amount of HOBr and a negligible amount of HOI are formed by 

similar means. . , , . 

Dissolving the halogens in NaOH can in principle be used to make all 

the hypohalite ions. 

X 2 + 2 NaOH -► NaX + NaOX + H 2 0 

However, the hypohalite ions tend to disproportionate, particularly in 
basic solutions. The rate of the disproportionation reaction increases with 
temperature. Thus when Cl 2 dissolves in NaOH at or below room tem¬ 
perature, a reasonably pure solution of NaOCl and NaCl is obtained. 
However, in hot solutions (80 °C) the sodium hypochlorite dispropor- 
tionates rapidly, and a good yield of sodium chlorate is obtained. 


30C1 


(-D (+V) 

2X“ + XO 3 


Hypobromites can only be made at about 0°C: at temperatures above 
50°C quantitative yields of BrOf are obtained. 


Br 2 + 20H 


Br + OBr + H->0 


>50 # C 

3Br 2 + 60H"-> 5Br" + BrOf + 3H 2 0 

Hypoiodites disproportionate rapidly at all temperatures, and lOj" is 
produced quantitatively. 

Thus the hypohalites all tend to disproportionate. The reduction poten¬ 
tials show that OBr and 01 are unstable to disproportionation, since 
their reduction potentials do not decrease progressively from oxidation 
state ( + V) to (+1) to (0). However, the standard reduction potentials 
suggest that OC1 should just be stable under standard conditions. 

Hcio 2 HOCI^i^ £2 0Xida "° n S,a,eS 

However, the values +1.65 volts and +1.61 volts are almost the same. 
Tliese are standard potentials, measured under standard conditions. 
Differences from standard conditions of temperature and concentration 
change the potentials sufficiently for disproportionation to occur. 


(+i) 

3ocr 

hypochlorite 


(-0 ( + V) 

2CI- + CIO 3 - 

chloride chlorate 


Oxidation states 


Halous adds HXO* 

2 :Jl ha 'i: . add ^ 0Wn f0r cer,ain « chlorous acid HCI0 2 . Thi 
only exists in solution. It is a weak acid, but is stronger than HOCI. Th 
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chlorine atom exists in the oxidation state ( + m\ nrin . 

treating barium chlorite with H 2 SO„ and filtering oK the BaS0 4 * 

Ba(CIO : ) 2 + H 2 S0 4 - 2HCIO ; + BaS0 4 

Salts of HCI0 2 are called chlorites, and are made either fmm rin w 
sodium hydroxide, or CIO, and sodium peroxide C °* a " d 

2 CIO, + 2NaOH - NaCIO, + NaCIO, + H ,0 

chlorite chlorate 


200, + Na 2 0 2 -► 2NaCIO, + O, 


J 


617 


Chlorites are used as bleaches. They are stable in alkaline solution even 
when boiled, but in acid solution they disproportionate, particularly when 
heated. 


(••■ill) ( + iv) (-D oxidation states 

5HC10 2 — 4C10 2 + NaCI 


Halic acids HX0 3 


Three halic acids are known: HCIO-*, HBrO-* and HIO v The halogen has 
the oxidation state ( + V). HC10 3 and HBr0 3 are not very stable, but are 
known in solution, and as salts. HCIO-* and HBr0 3 detonate if attempts 
are made to evaporate them to dryness. The main, reaction is: 

4HC10, -► 4CIO,(gas) + 2H 2 0(gas) + 0 2 (gas) 

In contrast, iodic acid HIO, is reasonably stable, and exists as a white 
solid. The halic acids all behave as strong oxidizing agents and strong acids. 

HIO, can be made by oxidizing I 2 with concentrated HN °i ° r J- 
HCIO, and HBrO, are made by treating the-barium halates with 2 4 . 

and filtering off the BaS0 4 . 

Ba(CIO,) 2 + H 2 S0 4 - 2HCIO, + BaS0 4 


Chlorates may be made in two ways. 

I Passing Cl, into a hot solution of NaOPh „i m d. 

2. Electrolysing hot chloride so,noons that « ^ >e[y 

Only one sixth of the chlorine is cc * nve e . p i ectr0 lysed again, and is thus 
inefficient. However, the NaCI produced is electro.y 

not wasted. 

era,™ + 3CI,^ NaCIO, ♦ PNaC, + 3H,0 


electrolyse q ^ + 20H 

2d' + 2H 2 0- Na 2 clQj + 5Na CI + 3H 2 0 

6NaOH + 3C1 2 " hea ting, but the way they de- 

Chlorates and bromates decompo unC j crstoo d. KCIO, may decompose 
impose is complex and is not u ^ temperature, 
in two different ways, depending ° 
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1 . Healing KCIO, to 400-500°C is the well known laboratory expert™ 
to produce dioxygen. It also gives a trace of Cl, or CIO, (though thi'"' 
seldom mentioned). Decomposition occurs at 150°C if a catalyst such * 
Mn0 2 or powdered glass is present to provide a surface from which 0 
can escape. 

2KCIO, — 2KC1 + 30 2 

When Zn(CIO0z >s heated it decomposes to 0 2 and Cl 2 . 

2Zn(CIO0z — 2ZnO + 2CU + 50 : 

2. In the absence of a catalyst, especially at a lower temperature, KClOi 
{ends to disproportionate to perchlorate and chloride. 

4 KCIO, - 3KCI0 4 + KCI 

Chlorates are much more soluble than bromates and iodates. The 
iodates of Ce 4+ , Zr 4 +, Hf 4 " and Th 4 " are precipitated from 6 M HNO,, 
and this is a useful means of separation for these metals. 

Chlorates are used to make fireworks and matches. Sodium chlorate is 
widely used as a powerful weedkiller. Its effects remain for some time, and 
it prevents growth for one growing season. Solid chlorates, bromates and 
iodates should be handled with care. Chlorates can explode on grinding, 
on heating, or if they come into contact with easily oxidized substances 
such as organic matter or sulphur. They are particularly dangerous in the 
solid form, but are much safer in solution. Solid sodium chlorate has been 
used by terrorists in making bombs. The solid must be finely powdered (a 
dangerous process), and mixed intimately with something it can reduce, 
such as sugar. Mixing is highly dangerous. Such bombs are notoriously 
unreliable and dangerous. 

Perhalic acids HXO 4 

Perchloric and periodic acids and their salts are well known. Perbromates 
were unknown until 1968. and are not common. 

World consumption of perchlorates is about 30000 tonnes per year. 
NaC10 4 is made by electrolysing aqueous NaCIOj using smooth platinum 
anodes in a steel container which also acts as the cathode. The platinum 
electrode gives a high oxygen overpotential, and thus prevents the elec¬ 
trolysis of water. 


NaCIO, + 


H : 0 


elect rolvsis 
-■-» 


NaCIOj + H : 


All other perchlorates and perchloric acid HC10 4 are made from NaClOj 

1 . NH 4 CIO 4 is a white solid and was formerly used as a blasting comp^m^ 
in mining. It is now used in the booster rockets in the Challenger P 
Shuttle. NH 4 CIO 4 oxidizes the fuel (Al powder). A Shuttle launc 
nearly 700 tonnes of NH 4 CI0 4 , and this accounts for half < hc * 
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chlorates used. NH.CIO. win >_ 

itself. b b suffi oent ammonia to liquefy 

2 . Nearly 500 tonnes of HCIO ar P .<> j - 

perchlorates. HCIO., is a colnuri/ ® nnual| y> mostly to make other 

NH 4 CIO 4 and dilute nunc tTl? ''"Vr Can * made *">•" 
hydrochloric acid. rom NaC 10 4 and concentrated 


619 


H4CIO4 + HNO, - HCIO4 + NH 4 NOj 
I n principle perchlorates could be made 

chlorates, but the reaction is slow and of little J s dlsproport,onatlon of 

4 CIOi - 3CIO4- + cr 

the^om^siOon nf e ,T a !l y i. a ? ilable a$ 70% HCI0 <- which has almos « 
h / c ir;r k ! HCIO < • 2 H 2 °- >' * the only oxoacid 

deh^rl unn" be u ' S ° la,ed in ,he anhydrous state. It is made by 

wrin k 8 HCIOj , 2H2 ° w,,h fum| ng sulphuric acid, then removing 
HCIO 4 by vacuum distillation. 


HCIO 4 • 2H 2 0 + 2H 2 S 2 0 7 HCIO 4 + 2 H 2 SC >4 

HCIO4 is one of the strongest acids known. The anhydrous compound is 
a powerful oxidizing agent which explodes on contact with organic 
material (wood, paper, cloth, grease, rubber or chemicals), and some¬ 
times on its own. The cold concentrated (70% aqueous) solution is a 
much weaker oxidizing agent. Hot concentrated solutions have been 
used for ‘wet ashing’, where all organic materials in the sample are 
oxidized to C0 2 , leaving only the inorganic constituents for analysis. 
Alcohols must not be present since perchlorate esters are explosive. 
Often a mixture of HC10 4 and HN0 3 is used for wet ashing, since the 
HN0 3 oxidizes alcohols and removes this risk. 

3. Magnesium perchlorate MgCI0 4 is used as the electrolyte in so-called 
‘dry batteries’. It is very hygroscopic, and is a very effective desiccant 
called ‘anhydrone’. 

4. KCIO 4 is used in fireworks and flares. Those with a bang and flash 
usually use KCI0 4 , Al and S, and those that are flares have KCIO4 and 
Mg. A red colour is obtained by adding some SrC0 3 or Li 2 C0 3 , and 
CuCO, gives blue. Making fireworks is dangerous - do not attempt it! 


Virtually all metal perchlorates, except those with the larger Group 1 
ions K*\ Rb* and Cs“\ are soluble in water. The sparing solubility of 
KCIO4 is used to detect potassium in qualitative analysis_(A solution of 
NaC10 4 is added to the solution containing K\ and KCIO4 is precipi¬ 
tated.) The CI0 4 _ ion has only a very slight tendency to form complexes 
With metal ions. Thus perchlorates are often used as an ,n ^; 0 " , " ' he 
study of metal ions .n aqueous solution. However. 'n he ^n“ofo,hy 
ligands. CIO,’ ions may act as unidentate or bidentate ligands. The per- 

-ssairses. — • - “ 
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was thought that they could not exist, until traces were obtained from p 
decay of M 3 Se 04 ~. They can be made from bromates by the action of 
powerful oxidizing agents such as F, or XeF 2 . or by electrolysis of an 
aqueous solution. 


KBrO, + F 2 + 2KOH — KBr0 4 + 2KF + H 2 0 
RbBrO} + XeF 2 + H 2 0— RbBrOj + 2HF + Xe 


electrolytic oxidation 

LiBrOy- 


LiBrOj 


(20% yield) 
(10% yield) 

(1% yield) 


Solid perbromates are stable. KBr0 4 is stable up to 275°C, and is isomor- 
phous with KCI0 4 . HBr0 4 is stable in solution up to a concentration of 
6 M, but the concentrated acid is a vigorous oxidizing agent. In dilute 
solutions perbromates only oxidize slowly, and Cl is not oxidized. 

Periodates can be made by oxidizing I 2 or I" in aqueous solution. 
Commercially they are made by oxidizing iodates in alkaline solution, 
either with Cl 2 or electrolytically. 


107 + 60H~ + Cl, 


107 + 60H“ 


-2 electrons 


iol~ + 3H 2 0 + 2Cr 
\Oi~ + 3H,0 


The common form of periodic acid is HI0 4 • 2H 2 0 or HsIO*. This is called 
paraperiodic acid, and exists as white crystals which melt with decomposi¬ 
tion at 128.5 °C. Water is lost on heating to 100 °C under reduced pressure, 
yielding periodic acid HI0 4 . On strong heating this eventually decomposes 
losing 0 2 and forming I 2 0$. 


IOO # C 


2H 5 IO h 2HI0 4 

parjpcnodic 4 H ; 0 penpdic 
acid acid 


200 e C 


I : 0 5 

iodine 

pcntoxide 


+ 0,4- H,0 


Periodates are of two structural types: tetrahedral 10 4 ' and octahedral 
(OH)sIO. In aqueous solutions at room temperature, the main ion is 107- 
The structures of periodates are much more complicated than this implies. 
A wide range of isopoly acids exist with octahedral units (based on one I 
and six O atoms), linked together by sharing the O atoms at two corners 

(t at is s aring an edge of the octahedron), or sharing three corners (that 
is a face of the octahedron). 

ChermcaHy peno da, es are important as oxidants, and they will oxidize 

. n n *' are a ^ so use< ^ 10 oxidize organic compounds. Solu- 

10 ns o peno ic act are used to determine the structure of organic com¬ 
pounds by degradative methods HIO, is called a glycol splitting agent 
since it splits (oxidizes) 1:2 glycols into aldehydes. 

IO. + R-CH-CH-R-. r_ cho + R _ CHO + IO - + H;0 




interhalogen compounds 



Strength of the oxoacids 

HCIO4 is an extremely strong acid, whilst HOCI is a very weak acid The 
dissociation of an oxoacid involves two energy terms: 

1. Breaking an O—H bond to produce a hydrogen ion and an anion. 

2 . Hydrating both ions. 

Plainly the CIO; ion is larger than the OCP ion, so the hydration 
energy of CIO 4 is less than that for OCI~. This would suggest that HOCI 
should ionize more readily than HCI0 4 . Since we know the reverse to be 
true, the reason must be the energy required to break the O—H bond. 

Oxygen is more electronegative than chlorine. In the series of oxoacids 
HOCI, HCI 0 2 , HCIO3, HCIO4, an increasing number of oxygen atoms are 
bonded to the chlorine atom. The more oxygen atoms that are bonded, the 
more the electrons will be pulled away from the O—H bond, and the more 
this bond will be weakened. Thus HCI0 4 requires the least energy to 
break the O—H bond and form HP Hence HCI0 4 is the strongest acid. 

In general, for any series of oxoacids, the acid with the most oxygen 
(that is the one with the highest oxidation number) is the most dissociated. 
Thus the acid strengths decrease HCI0 4 > HCI0 3 > HCI0 2 > HOCI. In 
exactly the same way, H 2 S0 4 is a stronger acid than H 2 S0 3 , and HN0 3 is 
a stronger acid than HN0 2 . 

INTERHALOGEN COMPOUNDS 

The halogens react with each other to form interhalogen compounds. 
These are divided into four types AX, AX 3 , AX* and AX 7 . 

They can all be prepared by direct reaction between the halogens, or by 
the action of a halogen on a lower interhalogen. The product formed 
depends on the conditions. 


Table 16.16 Interhalogen compounds, and their physical state at 25 C 


AX 

AX, 

ax 5 

ax 7 

CIF(g) 

colourless 

Br F(g) 

Pale brown 

CIF,(g) 

colourless 



BrCl(g) 

BrF,(l) 

CIF,(g) 


red-brown 

pale yellow 

colourless 

IF?(g) 

■Cl(s) 

(ICLWs) 

BrFs(l) 

ruby red 

bright yellow 

colourless 

colourless 

iBr(s) 

(IFi)(s) (unstable) 

IF<(I) 


hlack 

(unstable) 

yellow 

colourless 



^proportionates rapidly into IPs and l 2 
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Cl 2 + F : (equal volumes) 


jmrc 


CL 

L 

L 

Br 2 

Br 2 

L 


3IKIT 


+ 3F 2 (excess F 2 ) — 

+ CL liquid (equimolar)- 

+ CL liquid (excess CL)- 

+ F 2 (diluted with dinitrogen) 
+ F 2 (excess F 2 )- 

(in CCliF solution ji -45X) 


+ f 2 

L(s) + 5F 2 
I 2 (g) + 7F 2 


2(I°C 


250- 300 °C 


2CIF 

2CIF, 

ICI 

(ICI,) 2 

BrF, 

BrF, 

2IF 

IF 5 

IF 7 


There are never more than two different halogens in a molecule. The 
bonds are essentially covalent because of the small electronegativity 
difference, and the melting and boiling points increase as the difference in 
electronegativity increases. 

The compounds formed in the AX and AX 3 groups are those where the 

electronegativity difference is not too great. The higher valencies AX, and 

AX ? are shown by large atoms such as Br and I associated with small atoms 

such as F. This is because it is possible to pack more small atoms round a 
large one. 

c y h £‘ merh ‘ ,l °g ens are generally more reactive than the halogens (except 
2 ). his is because the A—X bond in interhalogens is weaker than the 
X bond in the halogens. The reactions of interhalogens are similar to 
hose of the halogens. Hydrolysis gives halide and oxohalide ions. Note 
that the oxohalide ion is always formed from the larger halogen present. 

ICI + H 2 0 HC1 + HOI (hypoiodous acid) 

BrF, + 3H 2 0 - 5HF + HBrO* (bromic acid) 

indmeiafs " C ° mp ° UndS wi " fluonna,e man >' metal oxtdes. metal halides 

3UO : + 4BrF, — 3UF 4 + 2Br : + 30. 

UF 4 + CIF, -+ UF 6 + CIF 


• w m m 




CIF is very reactive ICI » I'm' ^ controlled reaction of the elements. 

Dure at room tern™. ™ Tk ,lre most stable and can be obtained 

between those of the ^ • * com P° unils have properties intermediate 

Between those of the constituent halogens 

CIF fluorinates many metals and non-metals: 

hCIF + 2AI — 2AIF, + 3CI : 
hCIF + U UF„ + 3CI, ' 

6 CIF + S - SF, + 3CI. 


'"W 
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____I NTERH A LOGEN compounds _ 

» 5 'm u !' y n ! h, r a,e and fluor i"a*e a compound either by 
oxidizing the element or adding to a double bond. 


CIF + SF 4 
CIF + CO 
CIF + S0 2 


SF 5 CI 

COFCI 

CISOjF 


Iodine monochloride ICI is well known. It is used as Wij’s reagent in the 
estimation of the iodine number of fats and oils. The iodine number is a 
measure of the number of double bonds, i.e. the degree of unsaturation of 
the fat. The ICI adds to double bonds in the fat. The ICI solution is brown 
coloured, and when it is added to an unsaturated fat the colour disappears 
until all the double bonds have reacted. The iodine number is simply the 
volume (ml) of a standard solution of ICI which reacts with a fixed weight 
of fat. 

—CH=CH— -1- ICI — —CH—CH— 


When ICI reacts with organic compounds it often iodinates them, though 
chlorination may occur depending on the conditions. 


♦ ICI vapour 


salicylic acid 



chlorination 

iodination 


■f ICI in nitrobenzene 


It is thought that the attacking species is C, since the I atoms substitute 
in positions where there is an excess of electrons. Both ICI and IBr are 
partially ionized in the fused state. Conductivity measurements show that 
ICI ionizes to # the extent of about 1%. Rather than form the simple ions 
I + and Cl - , the ions are solvated. 

3 ICI^[I 2 CI] + + [IC1 2 ]“. 

Both ICI and IBr can be used as non-aqueous ionizing solvents. 

The interhalogens also form addition compounds with alkali halides. 
These compounds are ionic, and are called polyhalides. 

NaBr + ICI —► Na [BrICI] 

KI + ICI —► K* [I 2 CI]- 


AXj compounds 

The compounds CIF,, BrF,, IF, and (lCI,h can all be made by direct 

combination of the elements if the conditions are cho«n •* » 

a liquid (b.p. 11.8°C), and is commercially available. It is produced by 

direct action: 


^CHrmea oy oamocarmer 
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or 


CL + 3F : 


2UU-J0U°C 


2CIF, 


C1F + Ft —♦ CIF, 


C1F 3 reacts with excess Cl 2 . forming C1F. BrF 3 behaves similarly. 

CIF 3 + Cl 2 -► 3CIF 

IF 3 is only stable below — 30°C, and tends to form the more stable IF*. It 
can also be made using XeF 2 to fiuorinate I 2 . 

3 XeF 2 + I 2 -► 2IF 3 + 3Xe 


I 2 Clf, is easily made by adding I 2 solid to liquid Cl 2 , but on warming to 
room temperature it dissociates: 

I 2 CI 6 - 2IC1 + 2CI 2 


Both CIF 3 and BrF 3 are well known as covalent liquids. C1F 3 is one of the 
most reactive compounds known, and its properties are aggressive. It 
catches fire spontaneously with wood and most building materials - even 
asbestos. It was used in incendiary bombs in World War II. Despite the 
dangers, peace time production of CIF 3 runs into hundreds of tonnes per 
year. It is available in steel cylinders. It is mainly used by the nuclear 
industry for fuel processing. It is used to make gaseous UF 6 , which is 
useful in making enriched 235 U fuel. It is also important in separating 
the fission products from spent fuel rods. Pu and most of the fission pro¬ 
ducts form involatile tetrafluorides like PuF 4 . whilst U forms volatile UF*. 

3CIF 3 + U - UF 6 + 3C1F 
4C1F 3 + 3Pu - 3 PuF 4 + 2CU 

CIF 3 reacts explosively with water, stopcock grease and many organic 

compounds, including cotton and paper. It is a powerful fluorinating 
agents for inorganic compounds. 


▼ I A ^ 




2 






4CIF, + 2AI,0, - 4AIF, + 2CI, + 30, 

2CIF.1 + 2AgCI 2AgF, + Cl, + 2CIF 
2CIF, + 2NH, -+ 6HF + Cl, + N, 

CIF, + BF, -» [CIF,] + [BF 4 ]' 

C'F' + SbF s - [CIF,) + [SbF h ]- 
CIF, + P,F, _ [CIF,]* [ PtF(i) - 
C1F 3 can be used to flunrirvitA. 

with dinitrogen to moderate the reaction^cT^' P H° Vided a “ fT* 
short range rockets, reacting with hlrf C,F 'J? as been used as fuel . ,n 
than using liquid 6, or F, 8 s inr„ , hydraz,ne - Th,s « technically easier 

refrigeration, and they ignite SDontan/ reactants can be s,ored wi,hou ‘ 

} gime spontaneously on mixing. 

4CIF 3 + 3N,H 4 - I2HF + 3N, + 2CI, 
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INTERHALOGEN compounds 


Bromine trifluoride BrF, is a red liquid, and can be made from the 
elements at or near room temperature. It is manufactured in multi-tonne 
quantities. It is less violent in its reactions than CIF,, but it reacts in an 
analogous manner. The order of reactivity of the interhalogens is: 

CIF, > BrF, > IF 7 > CIF > BrF, > IF, > BrF > IF, > IF 

Like CIF3, BrFj is used in nuclear processing and reprocessing to make 
UF 6 , anc ^ 'I * s usec * t0 ma ke many other fluorides. It liberates dioxygen 
quantitatively from many oxides (B 2 0,, Si0 2 , As 2 0,,I 2 0,, CuO, Ti0 2 ), 
and also from oxosalts such as carbonates and phosphates. Measuring the 
0 2 evolved is used as a method of analysis. 


4BrF, + 3Si0 2 — 3SiF 4 + 2Br 2 + 30 2 

4BrF, + 3Ti0 2 — 3TiF 4 + 2Br 2 + 30 2 

The interhalogens are all potential non-aqucous ionizing solvents. BrF, 
has been more widely used as a solvent than the others. This is for three 
main reasons: 


1. It has a convenient liquid range (m.p. 8.8°C, b.p. 126°C). 

2. It is a good, but not too violent, fluorinating agent. 

3. It self-ionizes considerably, and much more than CIF,. 

2BrF, ^ [BrF 2 ]+ + [BrF 4 )“ 

Thus substances producing [BrF 2 ]* ions are acids and [BrF 4 )~ ions are 
bases in this solvent. 

The structure of the AX, type of interhalogen molecule is of interest. In 
CIF,, Cl is the central atom (Figure 16.10). 


Electronic structure of 
chlorine atom - excited 

Mate 


3a 3 p 



Three unpaired electrons form bonds with 
three fluorine atoms, plus two lone pairs, 
giving a total of five electron pairs. Shape 
trigonal bipyramid with two positions 
occupied by lone pairs 


The way to predict which of the three possible arrangements wi 

formed is described in Chapter 4. . fh 

A structural study of CIF, by mi crow avc spectro^ p ^ ^ ^ 

molecule is T-shaped, with bond an * les ° f * ^ '^cause of repulsion 
suggests structure 3. The distortion fr° m . ths are the same 

k'ween the lone pairs. Note * ha ‘ tw ° ^ expected because a trigonal 
?" d are different from the third. Thi*' ‘(those in the triangle) 
^'Pyramid is not a regular shape. Equa down). The X-ray 

different from apical bonds (‘ho* ! a T-shaped, with a 

structure of crystalline CIF, shows th 
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I, + I 


ir 


toll the bonds in I,- a ,‘«* 

singly occupied 5 p z orbitals on two I atoms and a full 5p, orbital on I , 
then there are three atomic orbitals involved. Thus three molecular orbitals 
are formed, one bonding, one non-bonding and one antibonding. There 
are 4 electrons, and 2 occupy the bonding MO and 2 occupy the non¬ 
bonding MO. This gives one bond, spread over two positions, i.e. a bond 

order of 0.5, and explains the very long bonds. 

More complex ions such as pentaiodide I 5 , heptaiodide 17 and enneaio- 
dide I 9 have also been prepared. Crystalline compounds containing the 
larger polyiodide ions generally contain large metal ions such as Cs or 
large complex cations such as R 4 N + . This is because a large anion together 
with a large cation give a high coordination number and hence a high 
lattice energy. Polyhalides such as KI 3 *H 2 0, Rbl 3 , NH 4 I 5 , [(C 2 Hs) 4 N]I 7 
and Rbly • 2C 6 H 6 may be formed by the direct addition of I 2 to I~, either 
with or without a solvent. 

The Brf ion is much less stable and less common than I 3 . A few un¬ 
stable Cl^ compounds are known, and the ion is formed in concentrated 
solution. No compounds are known. 

Many polyhalides are known which contain two or three different 
halogens, for example K[IC1 2 ], K[ICI 4 ], CsfIBrF] and K[IBrCl]. These 
are formed from interhalogens and metal halides. 


ICI + KCI — K + [ICI 2 ]- 
ICI 3 + KCI -> K"[ICI 4 ]- 
IFs + CsF -> Cs*[IF 6 ]“ 
ICI + KBr — K + [BrICIj“ 



ion. 


Polyhalides are typical ionic compounds (crystalline, stable and soluble 
in water, conduct electricity when in solution), though they tend to de¬ 
compose on heating. The products of the decomposition (that is which 
halogen remains attached to the metal) are governed by the lattice energy 
of the products. The lattice energy of the alkali metal halides is highest 
for the smaller halide ions, so the smaller halogen remains bonded to the 




v-ai T 1 -> 


Rb[ICI,]J^l, Rbd + , C | 

Kr]?ilTnH‘rJ, S R °pi' h n P ° ,yhalides *re known. The trihalides K[I,J. 
. A , Cs f , ® rF l al1 contain a linear trihalide ion. This may be ex- 

FiguTe l614 ,n8 ° rbi,alS USed - For exam P' e - see f IC ' 2) ' in 


/ 



ouciiiiicu uy ocii i ioocii n ic 




basic properties of the halogens 



Electron*: structure ol full 
lOOme atom - ground inner 
state srteK 

Structure of *xJ»r>e having formed 
one covalent and one coo'Cmate 
bond m [I0 2 ] 



five e»ectror oa»rs - tngonai txoytamid with 
three f>osit»ons occupied by lone pairs 


Cl 


•• 



Similarly the structures of the pentahalide ions (ICUp and [BrFJ- are 
square planar (see Figure 16.15). 


Electronic structure of t u ll 

odme atom - exerted inner 

state shell 

Structure of odme having formed 
three covalent and one coordinate 
bonds in flCt 4 ] 


5s 5 p 


5d 




T 

t 


n 

n 

u 


t 



L 


Figure 16.15 Structure of fICI 4 ) 
ion (The structure of the fI 5 )~ 
ion is different.) 


six electron pairs - octahedral shape 
wrth two positions occupied by lone pairs 


BASIC PROPERTIES OF THE HALOGENS 


Elements typically become more metallic or basic on descending a main 
group Thus in Groups 14, 15 and 16 the first elements C, N and O are 
non-metals, but the heavier members Sn. Pb, Bi and Po are metals. 
Metallic properties decrease on crossing a period. Little is known about 
astatine, though it would be expected to show more tendency to form 
cations than the other members of the group. Thus the trend to metallic 
properties is less obvious in Group 17. The increasing stability of positive 
ions indicates an increasing tendency to basic or metallic character. It must 

he emphasized that iodine is not a metal. 

Fluorine is the most electronegative element and has no basic properties 


(that is. it has no tendency to form positive ions). 

Iodine dissolves in oleum and other strongly oxidizing solvents, forming 
bright blue solutions which are paramagnetic For a long time these solu¬ 
tions were thought to contain I*, but they are now known to contain the 
[I,J* cation (The Group 16 elements S. Se and Te behave in a similar 
way. Thus S dissolves, forming blue coloured paramagnetic solu ions 
containing various [S„) : * cations such as (S 4 | • J “I a '''I 

[Bf,|* is also formed in oleum and is bright red co'oured and p^.mag. 

n«ic. [Cl,]* has been observed spectroscopically in d^harge^.u^ 

Several crystalline compounds containing [J2I I 2 I 

prepared. 
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21, + 5SbF< 


SO- solvent 


, [Nl'ISb-F,,!' + SbF, 


21? + S?Of,Fi 


H-SO,F 


— KII°C 

2 [I,]"[SO,F]--► [Ij]'* 2[SO,F| 


Br, + SbF,^[Br 2 ]"[Sb,F IA |- 

The bond length in the [Br 2 P cation is 2.15A compared with 2.27 A in 
Br 2 . The bond.in the cation is shorter and stronger than in the element, 
and shows that the electron removed came from an antibonding orbital. 
In a similar way the bond in [I 2 ] J is stronger than in I 2 . 

Many other compounds containing cations such as [Cl*][Br*] + , [I*]*, 
[Br*]* and [I s ] + have been prepared. 

Cl 2 + CIF* + AsFs — ► [CI3] ■*" [ AsF ft ]~ + F 2 
Br 2 + BrF* + AsF 5 — [Br*]"[AsF 6 ]' + F 2 
I 2 + ICI + AICI* —* [I*] + [AICI 4 ] - 
2 I 2 + ICI + AICI* —* [I.sHAiar 

The structures of several compounds containing the cationic halogen 
ions [Br-*]* and [I*] + have been established by X-ray crystallography or 
Raman spectroscopy. These ions are always bent, in contrast to the 
triiodide ion [I*]“ which is linear. The structures of the other ions are 
not known with certainty. A compound I 7 SO*F has been reported (as 
a maximum on a phase diagram). It is a black solid but it is not known 
whether it contains [I 7 ]"\ 

Positive bromine also exists in other complexes such as Br(pyridine) 2 NO* 
and BrF*. These ionize and give: 

Br(pyridine) 2 NO* - [Br(pyridine) 2 ] + + NO* 

2BrF, ^ [BrF 2 p + [BrF 4 ]~ 

Complexes containing positive iodine are more numerous. ICI and iBf 
both conduct electricity when molten. Electrolysis of ICI liberates 1 2 and 
Cl 2 at both electrodes. This is consistent with the following ionization: 

3ICI ^ [I 2 CI]+ + [ICI 2 |- 

Molten ICN behaves in a similar way to ICI. 

3ICN ^ [IjCNJ* + [|(CNh)- inmelt 

H °wev er dectmiysis of ICI dissolved in pyridine gives I 2 only at the 
cathode. This suggests the more simple type of ionization: 

2ICI J ? ' -[l(pyridine) 2 ]* + [ICI 2 ]‘ 

The addition of AICI, to ’a melt of ICI greatly increases its conductivity, 
and is explained by the formation of complex ions: 

AICI, + 2ICI - (IjCI) + + |A1CI 4 |- 
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,CI rT th" elec ; ro P hilic bating agent. It converts acetanilide 
t0 4 -iodoacetanilide, and salicylic acid to 3.5-diiodosalicyi:- acid. Because 

the attacked sites have an electron excess, the iodine must be positive. 

If a solution of iodine in an inert solvent is passed down a cationic ion- 
exchange column, some iodine is retained in the resin. 

ETResin + |, TResin' + HI 

The positive ion retained may he eluted with KI. to estimate the amount 
of I • it may he allowed to react with various reagents 

I*Resin" + Kl | 2 + K'Resin" 
rResin' + anhydrous H : S0 4 — I 2 S0 4 + H^Resin" 

I Resin - + alcoholic HNO,— I NO., + H + Resin" 

P reacts with OH" in aqueous solutions. 

r + OH" — HOI 
2 HOI + or — IO,- + 2P + 2H" 


For this reason P will only exist in water if it is stabilized by coordination 
to some other molecule. A large number of compounds are known which 
contain P stabilized in a complex ion. Many pyridine complexes are 
known such as [I(pyridine) 2 ]NO,. [I(pyridine) 2 ]CI0 4 . |I(pyridine))acetate 
and [l(pyridine)]benzoate. 

Molten ICI, has a high conductivity (8.4 x lO ^ohm" 1 cm" 1 ). When 
ICI, is electrolysed both I 2 and Cl 2 are liberated at both electrodes. This 
suggests ionization: 

2ICI, - [ICI 2 p + [IGU]' 

Treatment of I 2 with fuming HNO, and acetic anhydride gives the ionic 
compound I(acetate),. If a saturated solution of I(acetate), in acetic 
anhydride is electrolysed using silver electrodes, one equivalent of Agl is 
formed at the cathode for every three Faradays of electricity passed. This 
would seem to indicate ionization giving 1 

l(acetate), ^ I 1 * 4 3(acetate ) 

There is no structural evidence for the presence of I . Other ’°™ c C ° m 
pounds which may contain I 3 " are iodine phosphate 4 an IO me 
fluosulphonate I(SO,F),. 


PSEUDOHALOGENS AND PSEUDOHALIDES 

a r . of two or more atoms of which at least 

A few ions are known. con s ! s, '. n * f °L^ .hose of the halide ions. They 

one is N. that have proper i Pseudohalide, ions are univalent, 

are therefore called pseudohal.de .on Pseudohal sodium 

and these form salts resembling the haj.de sa.ts^ hydfogen 

salts are soluble in water, u s ome 0 f ,f, e pseudohalide 

compounds are acids like the halogen 
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Table 16.17 The important pseudohalogens 


Anion 

Acid 

Dimer 

CN" cyanide ion 

SCN" thiocyanate ion 
SeCN" selenocyanate ion 
OCN" cyanate ion 

NCN 2 " cyanamide ion 
ONC" fulminate ion 

N^ azide ion 

HCN hydrogen cyanide 
HSCN thiocyanic acid 

HOCN cyanic acid 

HiNCN cyanamide 

HONC fulminic acid 

HNi hydrogen azide 

(CN)> cyanogen 
(SCN) : thiocyanogen 
(SeCN)i selenocyanogen 


ions combine to form dimers comparable with the halogen molecules X 2 . 
These include cyanogen (CN) 2 « thiocyanogen (SCN )2 and selenocyanogen 
(SeCN) 2 . 

The best known pseudohalidc is CN . This resembles Cl , Br and 
l~ in the following respects: 

1. It forms an acid HCN. 

2 . It can be oxidized to form a molecule cyanogen (CN) : . 

3. It forms insoluble salts with Ag*. Pb 2 * and Hg*. 

4. ‘Interpseudohalogen* compounds CICN. BrCN and ICN can be formed. 

5. AgCN is insoluble in water but soluble in ammonia, as is AgCI. 

6 . It forms a large number of complexes similar to halide complexes, 
e.g. |Cu(CN) 4 | 2 " and [CuCI 4 ] 2 -. and [Co(CN)„|'- and [CoCI*)'" 
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PROBLEMS 

1. Describe how fluorine is produced, the apparatus used and any pre¬ 
cautions you consider necessary. Is elemental fluorine widely used in 

reactions? 


• 

3. 


Why is it not possible to obtain F, by electrolysis of aqueous NaF. 
aqueous HF or anhydrous HF? 

What fluorinating agents are often used instead of F : ? Give equations 
to show their use. 


4. What are the main uses of fluorine. 

chow the reactions between HF and 

5. Write balanced equations to show tne re 

‘(a) SiO : . (b) CaO. (c) KF. (d) CCU. (e) U, (f) graphite. 
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6. What are the common sources of chlorine, bromine and iodine in 
salts? Where do they occur and how are the elements extracted from 

the appropriate salts? 

7. What are the main uses of Cl 2 ? 

8. Give equations to show how the halogen acids HF. HCI, HBr and 
HI may be prepared in aqueous solution. Why is HF a weak acid 

compared with HI in water? 

9 HCI ( ) can be prepared from NaCI and H 2 S0 4 . HBr (g) and Hl, pl 
cannot be made in a similar way from NaBr and Nal. Explain why this 

is so. 

10. Write equations for the reactions between Cl 2 and (a) H 2 . (b) CO, 
(c) P, (d) S, (c) S0 2 , (f) Br ( ' q >, (g) NaOH. 

11. Explain what happens when an aqueous solution of AgNO^ is added 
to solutions of NaF, NaCI, NaBr and Nal. What change (if any) occurs 
when ammonia is added to each of these mixtures? 

12. (a) Draw the structures of OF 2 , C1 2 0, 0 2 F 2 and I 2 O v 

(b) Explain the bond angle in OF 2 and give a reason why it is different 
in C1 2 0. 

(c) Why are the O—F bonds in 0 2 F 2 longer than in OF 2 , whereas the 
O—O bond in 0 2 F 2 is short compared with that in H 2 0 2 ° 

13. Describe the preparation and an analytical use of I 2 0<;. 

14. (a) Give the names of four different types of oxoacid of the halogens 

and give the formula of either an acid or a salt derived from the 
acid for each type. 

(b) Describe the preparation of the following compounds and give 
one use of each: NaOCl, NaC10 2 , NaC10 3 , HI0 4 . 

15. Iodine is almost insoluble in water, but it dissolves readily in an 
aqueous solution of Kl. Explain why this is so. 

16. (a) Explain the shape of the IJ 14 ion. 

(b) Explain why solid Cs 3 is stable but solid Nal 3 is not. 

17. (a) Give the formulae of 11 interhalogen compounds. 

(b) Draw’ the shapes of the following molecules and ions, showing the 
positions of the lone pairs of electrons: 

CIF, BrF 3 , IFs, IF 7 , I 3 , ICI 4 and I 5 ~. 

18. List differences between the chemistry of fluorine and the other 
halogens and give reasons for these diffejences. 
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Table 17.1 Electronic structures 


Element 


Symbol 


Electronic structure 


Helium 

Neon 

Argon 

Krypton 

Xenon 

Radon 


He 


lr 



Ne 

|He| 

2s 2 

Ip" 


Ar 

1 Nc | 


•V 


Kr 

|Ar| 

.vr 

4 r 

4 p" 

Xe 

|Kr| 

4 <1'" 

55 2 

5 p" 

Rn 

|Xe| 

4 f u 

5d'" 

for bp" 


NAME OF GROUP AND THEIR ELECTRONIC STRUCTURES 

The elements of Group 18 have been called 'the inert gases' and ‘the rare 
gases’. Both are misnomers, since the discovery of the xenon fluorides in 
1%2 shows that xenon is not inert, and argon makes up 0.9% by volume 
of the atmosphere. The name ‘noble gases' implies that they tend to be 
unreactive, in the same way that the noble metals are often reluctant to 
react and are the least reactive metals. 

Helium has two electrons which form a complete shell Is 2 . The other 
noble gases have a closed octet of electrons in their outer shell ns 2 np h . This 
electronic configuration is very stable and is related to their chemical 
inactivity. These atoms have an electron affinity of zero (or slightly nega¬ 
tive), and have very high ionization energies — higher than any other 
elements. Under normal conditions the noble gas atoms have little ten¬ 
dency to gain or lose electrons. Thus they have little tendency to form 
bonds, and so they exist as single atoms. 


OCCURRENCE AND RECOVERY OF THE ELEMENTS 

The eases He Ne Ar, Kr and Xe all occur in the atmosphere. A mixture 

of the noble gases was first obtained by Cavendish in 178A Cavendish 

removed N, from air by adding excess 0 2 and sparking. The NO : formed 

was absorbed in NaOH solution. The excess 0 2 was removed by burning 

< ontirmcu ovcrlcu} 
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GROUP 18 - THE NOBLE GASES 


with S, and absorbing the SO 2 in NaOH solution. This gave a small volume 
of unreactive gas. 

Ar is quite abundant and can be recovered by fractional distillation of 
liquid air (see under ‘Nitrogen’, Chapter 14). Ar constitutes 0.93% by 
volume of air (i.e. 9300 ppm). It originates in the air mostly from electron 
capture (P+ decay) of potassium: 

•lOiy’ 1 _. ^Ar 

+ _ t e —> 

World production of Ar is over 700000 tonnes/year. 

The other noble gases are much less abundant. The abundance of He in 
the atmosphere is only about 5 ppm by volume and recovery from air 
would be very expensive. A cheaper source is from natural gas deposits, 
where the hydrocarbons are liquified, leaving He gas. The He has been 
produced by radioactive decay, and trapped underground. The richest 
source is in southwest USA, where the natural gas contains 0.5-0.8% He. 
This provides most of the world's supply of He. Other natural gas deposits 
containing appreciable amounts of He have been found in Algeria, Poland, 
the USSR and Canada. World production was 18800 tonnes in 1993. 

The non-radioactive noble gases are all produced industrially by frac¬ 
tional distillation of liquid air. This gives large amounts of dinitrogen and 
dioxygen, and only a small amount of the noble gases. (The dioxygen is 
mainly used for steel making.) Of the noble gases, Ar is obtained in the 
largest amounts, and it is the cheapest. 

Rn is radioactive and is produced by the decay of radium and thorium 
minerals. A convenient source is " 26 Ra, and 100g of radium yields about 
2 ml of radon per day: 


njRa 


2 sr,Rn + iHe 


The most stable isotope ""Rn is itself a active and has a half life of only 3.8 
days, so only tracer studies have been made. 


USES OF THE ELEMENTS 

The largest use of Ar is to provide an inert atmosphere for metallurgical 
processes. This includes welding stainless steel, titanium, magnesium and 
aluminium, and in the production of titanium (Kroll and IMI processes), 
ma er amounts are used in growing silicon and germanium crystals for 
ransis ors. an in e ectric light bulbs, fluorescent lamps, radio valves and 

Helium has the lowest boiling point of any liquid, and it is used in 
cryoscopy to o tain t e very low temperatures required for superconduc- 
ivity. and lasers. It is used as the cooling gas in one type of gas cooled 

rJ: a :,r aC ' 0r ',r d |!V he floW gaS in chromatography. It is 

also used in weather balloons arid airships. Though H. has a lower density 

and is cheaper and more readily available than He. H.'is highly flammable. 

Thus on safety grounds He is used in preference to H, in airships. He » 

much less dense than air. One cubic metre of He gas at atmospheric 

continued 


OF HELIUM 


----^Hi^ROPERTT^^ 

pressure can lift 1 kg. Helium is used in d f 

dioxygen in (he gas cylinders used by divers '° dinitro 8 en 10 dilute 

quite soluble in blood, so a sudden chano ™ ‘ S becausc dinitrogen is 
and gives bubbles of Nj in the blood pressure cau ses degassing 

condition called ‘bends 1 . Helium is nnl u i ,he painful < or f*al) 

•bends’ is reduced. ™ ' S 0n| y sl, 8 h »'y soluble so the risk of 

Small amounts of Ne are used in a 
familiar reddish orange glow of neon’ sionl 'xk^ 86 ,ubes wh 'ch give the 
in discharge tubes to give different colours ™ ° ,her gaSeS arC als0 used 


PHYSICAL PROPERTIES 

The elements are all colourless oHm, r | flr . 

of vaporization is a measure of the forces holH na,< T C 83SeS The en,hal Py 
values are very low because the^ol forc! T“ ,0ge,her ' The 

weak van der Waals forces. The enthai etwecn the atoms are very 

the group as the polarizability of the atoms mcTaseT' 0 " d ° W " 

Tabic 17.2 Physical properties of the noble gases 


First 

ionization 
energy 
(kJ mol~') 

2372 

2080 

1521 

1351 

1170 

1037 


Enthalpy of 
vaporization 


Melting 

point 


(kJmor 1 ) (°C) 


0.08 

1.7 

6.5 

9.1 

12.7 

18.1 


-248.6 
-189 4 
-157.2 
- 111.8 
-71 


Boiling 

point 

(°C) 

-269.0 

-246.0 

-186.0 

-153.6 

-108.1 

-62 


Atomic 

radii 


1.20 

1.60 

1.91 

2.00 

2.20 


Abundance in 
atmosphere 

(% volume) 

5.2 x 10-“ 
1.5 x 10“ s 
0.93 

1.1 x 10"* 
8.7 x 10-* 


Because the interatomic forces are very weak, the melting points and 
boiling points are also very low. The boiling point of He is the lowest of 
any element, only four degrees above absolute zero. 

The atomic radii of the elements are all very large, and increase on 
descending the group. It must be noted that these are non-bonded radii, 
and should be compared with the van der Waals radii of other elements 
rather than with covalent (bonded) radii. 

The noble gases are all able to diffuse through glass, rubber and plastic 
materials, and some metals. This makes them difficult to handle in the 
laboratory, particularly since glass Dewar flasks cannot be used for low 
temperature work. 


SPECIAL PROPERTIES OF HELIUM 

Helium is unique. It has the lowest boiling point of any substance known. 
AH other elements become solids on cooling, but cooling only produces 
helium liquid. It only forms a solid under high pressure (about 25 atmos- 



nheres) There are two different liquid phases. Helium I is a normal liquid, 
bit helium II is a superfluid. A superfluid is a most unusual of matter 
Normally atoms are free to move in a gas, can move in a more restricted 
way in aliquid, and can only vibrate about fixed positions in a solid. As the 

temperature decreases, the amount of thermal w™ 0 *™**^ 
and gases become liquids, and eventually solids When the temperature of 
helium gas is lowered to 4.2 K it liquifies as hehum I. Rather surprisingly 
the liquid continues to boil vigorously. At 2.2 K the liquid suddenly stops 
boiling (which with normal materials is when a solid is formed). In this case 
helium II is formed. This is still a liquid because the interatomic forces are 
not strong enough to form a solid, but thermal motion of the atoms has 
actually stopped. Helium I is a normal liquid, and when it changes to 
helium II at the X-point temperature, many physical properties change 
abruptly. The specific heat changes by a factor of 10. The thermal conduc¬ 
tivity increases by 10 6 and becomes 800 times greater than for copper. It 
becomes a superconductor (i.e. shows zero electrical resistance). The 
viscosity becomes effectively zero and l/100th of that of gaseous hydrogen. 
It spreads to cover all surfaces at temperatures below the Appoint. Thus the 
liquid can actually flow up the sides of the vessel and over the edge until the 
levels on both sides are the same. The surface tension and compressibility 
are also anomalous. 


CHEMICAL PROPERTIES OF THE NOBLE GASES 

The noble gases were isolated and discovered because of their lack of 
reactivity. For a long time it was thought that they really were chemically 
inert. Before 1962, the only evidence for compound formation by the 
noble gases was some molecular ions formed in discharge tubes, and 
clathrate compounds. 

Molecular ions formed under excited conditions 

Several molecular ions such as He 2 \ HeH + , HeH 2+ and ArJ are formed 
under high energy conditions in discharge tubes. They only survive mo¬ 
mentarily and are detected spectroscopically. Neutral molecules such as 
He 2 are unstable. 


Clathrate compounds 

Clathrate compounds of the noble gases are well known. Normal chemical 
compounds have ionic or covalent bonds. However, in the dathrates 
atoms or molecules of the appropriate size are trapped in cavities in the 

nor/orm S^ ° com P° u "ds. Though the gases are trapped, they do 

If an aqueous “Mon of quinol (1,4-dihydroxybenzene) is crystallized 
under a pressure of 10-40 atmospheres of Ar, Kr or Xe, the gas becomes 
trapped in cavities of about 4 A diameter in the P-quinol structure. When 


Scanned by (JamScanner 



chemistry of xenon 

th C clathrate is dissolved the hydrogen bonded arrangement of fi-quinol 
breaks down and the noble gas escapes. Other small molecules such as 0 2 , 
S0 : . H 2 S. MeCN and CH,OH form clathrates as well as Ar, Kr and Xe. 
yhe smaller noble gases He and Ne do not form clathrate compounds 
because the gas atoms are small enough to escape from the cavities. The 
compos * 1 * 00 of these clathrate compounds corresponds to 3 quinol: 1 
trapped molecule, though normally all the cavities are not filled 
The gases Ar, Kr and Xe may be trapped in cavities in a similar way 
when water is frozen under a high pressure of the gas. These are clathrate 
compounds, but are more commonly called ‘the noble gas hydrates*. They 
have formulae approximating to 6H 2 0 :1 gas atom. He and Ne are not 
trapped because they are too small. The heavier noble gases can also be 
trapped in cavities in synthetic zeolites, and samples have been obtained 
containing up to 20% of Ar by weight. Clathrates provide a convenient 
means of storing radioactive isotopes of Kr and Xe produced in nuclear 
reactors 



CHEMISTRY OF XENON 

The-first real compound of the noble gases was made in 1962. Bartlett and 
Lohman had previously used the highly oxidizing compound platinum 
hexafluoride to oxidize dioxygen. 


PtF* + 0 2 - 0 2 *[PtF 6 ]- 

The first ionization energy for 0 2 —» O^ is 1165 kJ mol ', which is almost 
the same as the value of 1170kJmol _l for Xe —► Xe% It was predicted 
that xenon should react with PtF*. Experiments showed that when deep 
red PtF b vapour was mixed with an equal volume of Xe, the gases com¬ 
bined immediately at room temperature to produce a yellow solid. They 
(incorrectly) thought the product obtained was xenon hexafluoropla- 
tinate(V), Xe*[PtF h ]‘. The reaction has since been shown to be more 
complicated, and the product is really (XcF| * [Pt 2 F,, | 


Xe(PtF 6 ) + PtF*^ |XeF] * [PtF*)~ + PtF< l Xcf T (Pt 2 F 1 .)“ 

Soon after this it was found that Xe and F 2 reacted at 4(X) C to give 
a colourless volatile solid XeF 4 . This has the same num er o va ency 
electrons as, and is isostructural with, the polyhalide ion [ 4 J • 0 ^ 

ing these discoveries there was a rapid extension of the chemistry o e 

noble gases, and in particular of xenon. ... . f 

The ionization energies of He, Ne and Ar are muc ig * 

a nd are too high to allow the formation of similar co ™P° u . F 

Nation energy for Kr is a little lower than for Xe, an r 0 expecte 2 d 

ionization energy of Rn is less than' for ^ e j an adi oactive. has notable 
0 forTn compounds similar to those of Xe. Rn | limited work 

isotopes, and all the isotopes have short half lives, 

radon compounds, and only RnF 2 and a few complexes are known. 
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Table 17.3 Structures of some xenon compounds 


Formula 

Name 

Oxidation 

state 

m.p. (°C) 

Structure 

XeF 2 

xenon difluoride 

(+11) 

129 

linear 

(RnF 2 and XeCl 2 
are similar) 

XeF 4 

xenon tetrafluoride 

( + IV) 

117 

square planar 
(XeCl 4 is similar) 

XeF 6 

xenon hexafluoride 

(+VI) 

49.6 

distorted octahedron 

XeO, 

xenon trioxide 

(+VI) 

explodes 

pyramidal 
(tetrahedral 
with one corner 
unoccupied) 

Xe0 2 F 2 


(+VI) 

30.8 

trigonal bipyramid 
(with one position 
unoccupied) 

XeOF 4 


( + VI) 

-46 

square pyramidal 
(octahedral with one 
position unoccupied) 

Xe0 4 

xenon tetroxide 

(H-VIII) 

-35.9 

tetrahedral 

XeO,F 2 


( +VIII) 

-54.1 

trigonal bipyramid 

Ba.[XeO„] 4 ~ 

barium perxenate 

(+VIII) 

dec. >300 

octahedral 


Xe reacts directly only with F 2 . However, oxygen compounds can be 
obtained from the fluorides. There is some evidence for the existence of 
XeCI 2 and XeCI 4 , and one compound is known with a Xe—N bond. Thus 
there is quite an extensive chemistry of Xe. The principal compounds are 
listed in Table 17.3. 

Xenon reacts directly with fluorine when the gases are heated at 400°C 
in a sealed nickel vessel, and the products depend on the F 2 /Xe ratio. 

2:1 mixture —► XeF-> 

/ 

Xe + F 2 1;5 mixture -► XeF 4 

\ 

1:20 mixture XeF 6 

The compounds XeF 2 . XeF, and XeF„ are all white solids. They can be 
sublimed at room temperature, and can be stored indefinitely in nickel or 
Monel containers. The lower fluorides form higher fluorides when heated 
with F 2 under pressure. The fluorides are all extremely strong oxidizing 

and fluorinating agents. They react quantitatively with hydrogen as 
follows: 

XeF, + H 2 2HF + Xe 


Scanned by CamScanner 




CHEMISTRY OF XENON 


XeF 4 + 2H 2 -* 4HF + Xe 
XeF 6 + 3Hj -» 6HF + Xe 

They oxidize Cl to Cl 2 ,1' to I 2 and cerlum(III) to cerium(IV): 

XeF 2 + 2HCI -» 2HF + Xe + Cl 2 
XeF 4 + 4KI - 4KF + Xe + 2I 2 
S0 4 + XeF 2 + Ce 2 ‘(S0 4 ) 3 -♦ 2Ce ,v (S0 4 ) 2 + Xe + F 2 
They fluorinate compounds: 

XeF 4 + 2SF 4 -* Xe + 2SF A 
XeF 4 + Pt — Xe + PtF 4 


XeF 2 is now commercially available and is quilc widely used in synthetic 
organic chemistry. It can oxidize and fluorinate the ‘hctcro element’ in an 
organometallic compound, but docs not attack the alkyl or aryl groups. 

CH 3 I + XcF 2 - CH 3 IF 2 + Xe 
QH 5 I + XcF 2 - C ft H,IF 2 -f Xc 
(C 6 H 5 ) 2 S + XeF 2 - (C 6 H 5 ) 2 SF 2 + Xc 


If XeF 2 is mixed with anhydrous HF its reactivity is greatly increased, 
possibly due to the formation of XeF 4 

Pt + 3XeF 2 /HF - PtF„ + 3Xe 
S H 4- 24XeF 2 /HF 8 SF 6 + 24Xe 
CrF 2 + XeF 2 /HF -> CrF 3 + Xe — CrF 4 + Xe 
MoO, + 3XeF 2 /HF -* MoF 6 + 3Xe + 1$0 2 
Mo(CO ) 6 + 3XeF 2 /HF -► MoF 6 + 3Xe + 6 CO 


The fluorides differ in their reactivity with water. XeF 2 is soluble in water, 
but undergoes slow hydrolysis. Hydrolysis is more rapid with alkali. 

2XeF 2 + 2H 2 0 -► 2Xe + 4HF + 0 2 


XeF 4 reacts violently with water, giving xenon trioxide XeO,. 

3XeF 4 + 6H 2 0 2Xe + XeO, + 12HF + 1*0 2 

XeF, also reacts violently with water, but slow hydrolysis by atmospheric 
moisture gives the highly explosive soli c - v 

XeFft + 6H 2 0 - XeO, + 6 HF 

With small quantities of w * ter ’ P pp' al jhe wmeV^c' * fo™> ed when 
less liquid xenon oxofluondc XeO 4 - 

XeF 6 reacts with silica or glass: 

XeF* + H 2 0 - XeOF 4 + 2HF 
oVrF. + SiOj - XeOF 4 + SiF 4 






MM 
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Xe0 3 is an explosive white hygroscopic solid. It reacts with XeF 6 and 
XeOF 4 . 

XeOj + 2XeF 6 — 3XeOF 4 
Xe0 3 + XeOF 4 -► 2Xe0 2 F 2 

Xe0 3 is soluble in water, but does not ionize. However, in alkaline solu¬ 
tion above pH 10.5 it forms the xenate ion [HXe0 4 ] . 

Xe0 3 + NaOH Na + [HXe0 4 ]~ 

sodium xenale 

Xenates contain Xe( + VI) and they slowly disproportionate in solution to 
perxenates (which contain Xe(+VIII)) and Xe. 

2[HXe0 4 j- + 20H" - [Xe0 6 ] 4 " + Xe + 0 2 + 2H 2 0 

perxenate ion 

Several perxenates of Group 1 and 2 metals have been isolated, and the 
crystal structures of Na 4 Xe0 6 -6H 2 0 and Na 4 Xe0 6 -8H 2 0 have been 
determined by X-ray crystallography. The solubility of sodium perxenate 
in 0.5 M NaOH is only 0.2 grams per litre, so precipitation of sodium 
perxenate could be used as a gravimetric method of analysis for sodium. 
Perxenates are extremely powerful oxidizing agents, which will oxidize 
HC1 to Cl 2 , H 2 0 to 0 2 , and Mn 2 * to Mn0 4 . With concentrated H 2 S0 4 
they give xenon tetroxide Xe0 4 , which is volatile and explosive. 


Xenon fluoride complexes 

XeF 2 acts as a fluoride donor and forms complexes with covalent penta- 

fluondes including PF S , AsF 5 , SbF, and the transition metal fluorides 

NbF 5 TaF 5 , RuF 5 , OsF s , RhF 5 , IrF 5 and PtF 5 , These are thought to have 
the structure 6 


XeF 2 • MF 5 [XeF] + (MF 6 ]~ 

XeF 2 • 2MF 5 [XeF]^ [M 2 F n ]~ 


F 



Figure 17.1 Structure of XeF 2 2SbF ru x. 

Modern Inorganic Chemistry , 4th c6 Blackic \ 989^) 3 °^ ^ ac ^ a ^’ Introduction to 



c 
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2XeF 2 • MF S [Xe 2 Fj] + (MF 6 ] _ 


The structures of some of the XeF, Comdexes in ,k. rJ 

In the complex XeFj -2SbF s (Figure 17 n . the s °' ld s * a,e are k "o w n. 

far greatly (1.84 A and 2 3S At-nf- 71) h two Xe_F dances dif- 

W- f. PT 

van der Waals (non-bonded) distance of 3 50 A Thi!" 1 ”* *** 'k 3 " ' h ' 

fluorine atom forms a fluorine bridge between Xe andTb ln 'fact “he 

structure is intermediate between that • • 

A f«r r it . 7. . ai ex pected for the ionic structure, 

and that for the fully covalent bridge structure. 

cl^yc 1115 ° n,y 3 fCW ^ om P lexes ’ for example those with PF 5 , AsF 5 and 
SbF 5 . XeF 6 can act as a fluoride donor, forming complexes such as: 


XeF 6 • BF S 
XeF 6 • GeF 4 
XeF, • 2GeF 4 
XeF, • 4SnF 4 
XeF, • AsF-s 
XeF, • SbF, 


XeF, may also act as a fluoride acceptor. With RbF and CsF it reacts as 
follows: 


XeF* + RbF -> Rb + [XeF 7 ] 


On heating, the [XeF 7 j ion decomposes: 

50 °C 


2Cs + [XeF 7 ]---> XeF, + Cs 2 [XeF„] 


STRUCTURE AND BONDING IN XENON COMPOUNDS 

The structures of the more common xenon halides, oxides and oxoions are 
given in Table 17.4 (on page 647). The nature of the bonds and the 
orbitals used for bonding in these compounds are of great interest an 
have been the subject of considerable controversy. 


XeF 2 


. . #ll h,v#ii Yc-F distances 2.00 A. The bonding 
XeF 2 is a linear molecu e wi oromot jng an electron from the 5 p level 
may be explained quite simply by<pr * f bonds with fluorine 

of Xe to the 5 d level. The two a trigona , bipyramid, 

atdms. The five electron P a '« P°' * |he equator j a | positions, and two 

Of these, three are lone pairs The atoms thus form a 

are bond pairs and occupy the p 
linear molecule (Figure 17.2). 


643 



Figure 17.2 XeF 2 molecule. 
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*0 unpaired electrons tom, bonds with tluonne atoms 
five electron pa.'S - trigonal bipyramid 


This explains the observed structure, but an objection is that the tSd 
orbi s of Xe appear to be too large for effective overlap o orbi s The 
maximum in the'radial electron distribution function for a 5d orbi.a m a 
Xe atom occurs at a distance of 4.9 A from the nucleus. It has been noted 
in Chapter 4 in the section The extent of d orbital part.cpation in mole¬ 
cular bonding - that highly electronegative atoms like fluorine cause a large 
contraction in the size of d orbitals. If this contraction is big enough, the 


valence bond explanation will suffice. . 

A second objection is over the mixing of orbitals {sp d hybridization). 
Mixing is only effective between orbitals of similar energy, and the Xe 5 d 
orbitals would seem too high in energy to contribute to such a scheme of 
hybridization. (The difference in energy between a 5 p and a 5 d level is 
about 960 kJ mol ~ 1 .) 

The molecular orbital explanation involving three-centre bonds is more 
acceptable. The outer electronic configurations of the atoms are 


5s 

Xe 0 

Assume that bonding involves the 5 p 2 orbital of Xe and the 2p z orbitals of 
the two F atoms. For bonding to occur, orbitals with the same symmetry 
must overlap. These three atomic orbitals combine to give three molecular 
orbitals, one bonding, one non-bonding and one antibonding. Thi is 
represented in a simple way in Figure 17.3. The original three atomic 
orbitals contained four electrons (two in the Xe 5 p z and one in each of 
the F 2p 7 )/These electrons will occupy the molecular orbitals of lowest 
energy. The order of energy is: 

bonding MO < non-bonding MO < antibonding MO 

Thus two electrons occupy the bonding MO. and this pair of electrons is 
responsible for binding all three atoms. The remaining two electrons 
occupy the non-bonding MO. These electrons are situated mainly on the 
F atoms, and confer some ionic character. The bonding may be described 
as three-centre four-electron o bonding. A linear arrangement of the 
atoms givesthe best overlap of orbitals, in agreement with the observed 
structure These bonds should be compared with the three-centre two- 
electron bonds described for B 2 H„ (see Chapter 12). 


5P 

P* Py Pi 

ululu 


2 P 

P* Py Pi 

tilti t 











Antibonding (orbitals havs 
wroo 9 symmetry for overlap 
on both left and right 
band sides, indicated by 
+ and - signs) 



Non-bonding (the Xe 5 p orbital 
has no net contribution to 
bonding, since the bonding 
affect on the right hand side is 
cancelled by the antibonding 
affect on the left hand side) 



Bonding (orbitals on both the 
left and right hand sides have 
correct symmetry for overlap) 


Flgare 17J Possible combinations of atomic orbitals in XeF 2 . 


Energy 


V.V.V.V.V.V.V.V.V.V. Atnmir nrhitaU 

.v.v.v.v.v.v.v.v.v.v! '" om,c orDiiais.v 

• • • • • • • •••»»»«#»,- M _ • l| 


Figure 17.4 Molecular orbitals in XeF 2 . 
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.V.V.V.* 
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XeF« 

The structure of XcF. is square plqnar, with Xe— F distances of 1.9SA. 
The valence bond theory explains this by promoting two electrons as 
shown: 

s« »P 54 _. 

Electronic structure of [tl] tA t_ 3 E- — --1—' 


Xe - excited stale 


tour unpaired electrons ,on ^f n f*'“ 
six electron pert form octahedral 
with two poeitione occupied by lone pairs 


ITTbu u 


y oamoucmiier 







Figure 17.5 XeF 4 molecule. 


The problem of whether the size of the xenon 5d orbitals will allow effec¬ 
tive overlap, or their energy will allow mixing and hybridization, is the 
same as in XeF 2 . The molecular orbital explanation of XeF 4 is similar to 
that for XeF 2 . The Xe atom bonds to four F atoms. The xenon 5 p x orbital 
forms a three-centre MO with 2 p orbitals from two F atoms just as j n 
XeF 2 . The 5p y orbital forms another three-centre MO involving two more 
F atoms. The two three-centre orbitals are at right angles to each other 
thus giving a square planar molecule. 


Table. 17.4 Possible explanation of structures 


Formula 


XeF, 


XeF 4 


XeF. 


Xe0 3 


XeQ 2 F 2 


XeOF 4 


Xe 0 4 


XeQ 3 F 2 


Structure 


linear 


trigonal 

bipyramid 


square 

Pyramidal 


tetrahedral 


tngonal 

bipyramid 


Ba 2 [XeO A ] 4 - octahedral 


Number of 
electron 
pairs 


square 

planar 


distorted 7 

octahedron 

pyramidal 7 


Number VSEPR 

of lone explanation 

P a *rs of structure 

3 five electron pairs form 
trigonal bipyramid with 
three lone pairs in 
equatorial positions 

six electron pairs form an 
octahedron with two 
positions occupied by 
lone pairs 

1 pentagonal bipyramid, or 

capped octahedron with 
one lone pair 

1 three ji bonds so the 

remaining four electron 
pairs form a tetrahedron 
with one corner occupied 
by a lone pair 

i two ji bonds so remaining 

five electron pairs form 
trigonal bipyramid with 
one equatorial position 
occupied by a lone pair 

1 one ji bond so remaining 

six electron pairs form an 
octahedron with one 
position occupied by a 
lone pair _ 

four ji bonds so remaining 
four electron pairs form a 
tetrahedron 

three ji bonds so 
remaining five electron 
pairs form a trigonal 
bipyramid 

J two ji bonds so remaining 
six electron pairs form an 
_ octahedron 


Scanned by (JamScanner 





XeF. 

The ' S 3 dis,orted ^‘ahedron. The bonding in XeF„ has 

caused considerable controversy which is not completely resolved. The 

structure may be explained in valence bond terms by promoting three 
electrons in Xe: 7 v 6 


5# 

Electronic structure of I—| 
xenon - excited state Hi] 

The six unpaired electrons form bonds with fluorine atoms. The distri¬ 
bution of seven orbitals gives either a capped octahedron or a pentagonal 
bipyramid (as in IF 7 ). (A capped octahedron has a lone pair pointing 
through one of the faces of the octahedron.) Since there are six bonds and 
one lone pair, a capped octahedron would give a distorted octahedral 
molecule. The molecular orbital approach fails with XeF*, since three 
three-centre molecular orbital systems mutually at right angles would give 
a regular octahedral shape. 

The vibrational spectrum of gaseous XeF 6 indicates C*,. symmetry, i.e. 
an octahedron distorted by the lone pair at the centre of one triangular 
face. The structure of the molecule rapidly fluctuates between structures 
where the lone pair occupies each of the eight triangular faces. In various 
non-aqueous solvents, xenon hexafluoride forms a tetramer Xe 4 F 24 . Solid 
xenon hexafluoride is polymorphic. Except at very low temperatures it 
contains tetramers, where four square pyramidal XeF? ions are joined to 
two similar ions by means of two bridging F" ions. The XeF distances are 
1.84 A on the square pyramidal units and 2.23 A and 2.60 A in the bridging 
groups. 

The shapes of oxygen containing compounds of Xe are correctly pre¬ 
dicted by the valence bond method. (Electrons in n bonds (double bonds) 
must be subtracted before counting the number of electron pairs which 
determine the primary shape of the molecule.) 




Figure 17.6 Capped 
octahedron. 


VALEDICTION 

For many years the noble gases were thought to be completely unreactive. 
This was associated with the concept that an octet of electrons is the only 
stable arrangement. The octet rule has done much to help the understand¬ 
ing of why atoms react, how many bonds they will form, and the shape of 
the periodic table. The discovery of the noble gas compounds has shown 
that though the ‘octet* arrangement is very stable, it can be broken, and t 
that there are other stable arrangements of electrons. 

Two important points emerge: 

1. Only the heavier noble gases (Kr, Xe and Rn) form ihese compounds. 
This is related to their lower ionization energies. 

2. Compounds are only formed with electronegative ligands. 
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GROUP 18 - THE NOBLE GASES 



F 

slightly distorted 
octahedron 
Xenon hexafluoride 
XeF 6 


O 

pyramidal 

Xenon tnoxide 
Xe0 3 


square pyramidal 
(octahedral with one 
position unoccupied) 
Xenon oxyfluonde 
XeOF 4 


F 





Perxenate ion 

XeO a F 2 [Xe0 6 ] 4 - 

Figure 17.7 Structures of some xenon compounds. 


Xenon tetroxide 
Xe0 4 


The discovery of the noble gas compounds led to a flurry of practical 
work attempting the synthesis of new compounds. There was also much 
theoretical work attempting to explain the structure and bonding in these 
compounds This involved calculations on large computers on the extent 
oft/ orbital participation in bonding by elements in the r- and p-blocks. 
These conclusions may be summarized as follows: 


r ---- - v^, um<luun numoer with elements of high 

m e h C lTn 6 fi" V, H' SUCh , aS r F ” SF <" ,F ' and XeF - 'he d orbitals appear 
H^rih 8 H' fiC l y ' nvolved ,n a bonding. (These compounds may all be 

2 fn comoJu W nd W : S ‘, ng " ° rbi,a ' S if ""centre bonds are formed.) 

P T Z ' , T' S ° f ' OW elec,r °negativi,y such as H,S and 

sma'li contribution JSSSy^iS ^ ( h '“ 2%) ' "T? 1 ** 

the observed and calculated viesfo°T H ^ reemenl be 'Tf" 
energy levels. e f ° r the d, P ole moments and the 

3 ‘ (b/exampletn-S •* Very si 8 nificam contribution to it bonds, 

and in PF, ° mg m P^ os Phates and oxoacids of sulphur. 
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* PROBLEMS 

i , _ 

1. Where did the helium present in the earth and its atmosphere come 

from? How is He obtained commercially, and what is it used for? What 
is the boiling point of He in °C and K? 

2. How much argon is present in the earth’s atmosphere? How is Ar 
obtained commercially, and what is it used for? 

j 3. Explain why Ar is used in the Kroll process to extract Ti. for welding, 
jf and in electric light bulbs. 


I 

I 

I 

* 

!> 

t 

t 


4 . 

5. 


(a) Draw the structures of XeF 2 , XeF 4 and XeF ft . 

(b) How may these compounds be prepared from Xe. 

(c) Give balanced equations to show how these three compounds react 

with water. 

How did Bartlett interpret the reaction between Xe and PiF„, and how 
is this reaction now interpreted? 

(a) Draw the structures of XeF 2 , XeF 4 and XeF6- 

(b) How may these compounds be prepared from 
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(c) Give balanced equations to show how these three compounds react 
with water. 

6 . How may the compounds XeO„ XeOF 4 and Ba 2 Xe0 6 be prepared, 
and what are their structures? 

7. ‘In some ways the discovery of the noble gas compounds has created 
more problems than it has solved.’ Discuss this statement with par¬ 
ticular reference to the stability of a closed electron shell and the 
participation of d orbitals in bonding by elements of the s - andp-blocks. 

8 . Suggest reasons why the only binary compounds of the noble gases are 
fluorides and oxides of Kr, Xe and Rn. 
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An introduction to the 
transition elements 



TaMt 18.1 The element*. 



Ac 


Acti* 

mum 


INTRODUCTION 

Three scncv of elements arc formed b> filling the 3 d, 4 d and 5</ shells of 
electrons Together these comprise the J block elements They are often 
called transition elements because their position in the periodic table is 
between the j-block and p-block elements Their properties are transi¬ 
tional between the hichls reactisc metallic elements of the s-block, which 
typically form ionic compounds, and the. elements of the p-block, which arc 
largely covalent. In (he s- and pblocks. electrons arc added to the outer 
shell of the atom. In the d-block. electrons are added ro rhe penultimate 
sheH. expanding it from 8 to 18 electrons Typically the transition elements 
have an incompletely filled d level. Group 12 (the zinc group) has a d 
configuration and since the d shell is complete, compounds of these 
elements are not typical and show some differences from the odters Ifie 
elements make up three complete row^ often elements and an incomplete 
fourth row* Imposition of the incomplete fourrh senes „ dtscussed wt.h 

l be /-block elements. 
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AN INTRODUCTION 


TO THE TRANSITION ELEMENTS 



METALLIC CHARACTER 

In the </-block elements the penultimate shell of electrons is expanding. 
Thus they have many physical and chemical properties in common. Thus 
all the transition elements are metals. They are therefore good conductors 
of electricity and heat, have a metallic lustre and are hard, strong and 
ductile. They also form alloys with other metals. 


VARIABLE OXIDATION STATE 

One of the most striking features of the transition elements is that the 
elements usually exist in several different oxidation states. Furthermore, 
the oxidation states change in units of one, e.g. Fe 3 + and Fe 2 *, Cu 2+ and 
Cu*. 

The oxidation states shown by the transition elements may be related to 
their electronic structures. Calcium, the 5-block element preceding the first 
row of transition elements, has the electronic structure: 

Ca l5 2 25 2 2p 6 35 2 3p 6 45 2 

It might be expected that the next ten transition elements would have this 
electronic arrangement with from one to ten d electrons added in a regular 
way: 3d 1 , 3d 2 , 3d 3 .. ,3d 10 . This is true except in the cases of Cr and Cu. In 
these two cases one of the s electrons moves into the d shell, because of the 
additional stability when the d orbitals are exactly half filled or completely 
filled (Table 18.2). 


Table 18.2 Oxidation states 



Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Electronic 

d'5 2 

dV 

dV 


dV 

dV 

dV 

dV 


d l V 

structure 




d 5 s l 





d'V 


Oxidation 




I 





i 


states 

II 

II 

II 

II 

II 

II 

II 

II 

A 

n 

II 


III 

III 

III 

III 

III 

III 

III 

III 

iii 




IV 

IV 

IV 

IV 

IV 

IV 

IV 






IV 

V 

V 

V 

V 








VI 

VI 

VI 










VII 







Tl’f S S L C °, Uld h3V ! , an °* idatl0n "“mber of (+11) if both j electrons are 
used for bondmg and (+11) when two , and one d electrons are involved. 

r +1 m when* r n S n' e + j l W *' en ^ >ot ^ s electrons are used for bonding, 
(+III) when two r and one d electrons are used and (+IV) when two s and 
two d electrons are used. Similarlv v ' nc . /. m 

+IH). (+I V) and +V). l„ the case o{ c b de ctron 

for bondmg. we get an ox.dation number of (+1): hence by Ling varying 


I 
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VARIABLE OXIDATION STATE 
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numbers of d electrons oxidation states of (+11), (+III), (+IV), (+V) and 
(+V1) are possible. Mn has oxidation states (+11), (+III), (+IV), (+V), 
(+VI) and (+VII). Among these first five elements, the correlation 
between electronic structure and minimum and maximum oxidation states 
in simple compounds is complete. In the highest oxidation states of these 
first five elements, all of the s and d electrons are being used for bonding. 
Thus the properties depend only on the size and valency, and consequently 
show some similarities with elements of the main groups in similar 
oxidation states. For example, SO(Group 16) and CrOj" (Group 6) are 
isostructural, as are SiCl 4 (Group 14) and TiCl 4 (Group 4). 

Once the (/^-configuration is exceeded, i.e. in the last five elements, the 
tendency for all the d electrons to participate in bonding decreases. Thus 
Fe has a maximum oxidation state of ( + VI). However, the second and 
third elements in this group attain a maximum oxidation state of ( +VIII), 
in Ru 0 4 and 0s0 4 . This difference between Fc and the other, two elements 
Ru and Os is attributed to the increased size. 

These facts may be conveniently memorized, because the oxidation 
states form a regular ‘pyramid’ as shown in Table 18.2. Only Sc( + 11) and 
Co(+V) are in doubt. The oxidation number of all elements in the 
elemental state is zero. In addition, several of the elements have zero- 
valent and other low-valent states in complexes. Low oxidation states 
occur particularly with n bonding ligands such as carbon monoxide and 
dipyridyL 

Similar but not identical pyramids of oxidation states are found in the 
second and third rows of transition elements. The main differences are as 
follows: 

1. In Group 8 (the iron group) the second and third row elements show a 
maximum oxidation state of (+VIII) compared with (+VI) for Fe. 

2. The electronic structures of the atoms in the second and third rows do 
not always follow the pattern of the first row. The structures of Group 


10 elements (the nickel group) 

are: 


Ni 

3d 8 

45 

Pd 

4d'° 

55 1 

Pt 

5 d 9 

6s 


Since a full shell of electrons is a stable arrangement, the place where 
this occurs is of importance. 

The d levels are complete at copper, palladium and gold in their 
respective series. 


Ni 

Cu 

3d 10 

45 

Pd 4 d'° 5s° 

Ag 



Pt 

Au 

5d'° 

6s 


Zn 3d 10 4 s 2 
Cd 3d 10 4s 2 
Hg 3d 10 4 s 2 


en though the ground state of the atom has a d‘° configuration Pd and 
: coinage metals Cu. Ag and Au behave as typical transition element^ 
is is because in thefr most common oxidation states Cu(II) has a d 
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configuration and Pd(II) and Au(IIl) have d 8 configurations, that is they 
have an incompletely filled d level. However, in zinc, cadmium and 
mercury the ions Zn 2 *, Cd 2+ and Hg 2 * have a d w configuration. Because 
of this, these elements do not show the properties characteristic of 
transition elements. 


Stability of the various oxidation states 

Compounds are regarded as stable if they exist at room temperature, are 
not oxidized by the air, are not hydrolysed by water vapour and do not 
disproportionate or decompose at normal temperatures. Within each of 
the transition Groups 3-12, there is a difference in stability of the various 
oxidation states that exist. In general the second and third row elements 
exhibit higher coordination numbers, and their higher oxidation states are 
more stable than the corresponding first row elements. This can be seen 
from Table 18.3. This gives the known oxides and halides of the first, 
second and third row transition elements. Stable oxidation states form 




oxides, fluorides, chlorides, bromides and iodides. Strongly reducing states 
probably do not form fluorides and/or oxides, but may well form the 
heavier halides. Conversely, strongly oxidizing states form oxides and 
fluorides, but not iodides. 


COMPLEXES 

A The transition elements have an unparalleled tendency to form 
coordination compounds with Lewis bases, that is with groups which are 
able to donate an electron pair. These groups are called ligands. A ligand 
may be a neutral molecule such as NH 3 , or an ion such as Cl • or CN“ 
Cobalt forms more complexes than any other element, and forms more 
compounds than any other element except carbon. 

Co 3+ + 6NH3 - [Co(NHj) 6 J 3 * 

Fe 2+ + 6 CN~ -* (Fe(CN),] 4 " 


"Suciiiiitju uy uctmouctnner 


wmmmmmm 





18.3 (continu'd) (c) Oxides and halides of the third ro 


Tabl e 18.3 ( continued) (c) 

La HI Ta 


♦ II O 

F 

a 

Br 

I 

♦ III o u 

F U 

a l. 

Br L 

1 L 

♦ IV O 

F 

ci 

Br 

I 

*v o 

F 

a 

Br 

I 

-V| O 
F 

a 

Br 

I 

-VII O 
F 

a 

Br 

I 

Other 


(TaO) 


ttICtj? 


LjyO, 

LaFt 

LaCIt HfCIt 
LaBrt HfBr, 
Lalt Hll* 

HIOj 

HIT, 

HICIj 

Hf»rj 

Hf^ 


(TaFt)‘ 

T«CV 

TaBrt* 


TaCV* 

TaBr/" 

TaL m 

T»|Oj 

Trf, 

TaClj 

TaBr. 

T»l» 


W„CV (ReCM 
WfcBn; 1 (RcBr;) 
Wftl,;‘ (Re I-’) 
Rc' 0 \ h 


W„CV 

WnBrin* 

WJ)* 

WO;" 

WFa 

WCL 

WBn 

WI/» 

(W : Q.) 
WFs d . 
WCL 
WBr. 

wo, 

WF* 

WCL 

WBr h 


RaiO, 

RfFr 


0*0 j 

OsF« 

OsCL 

OsBri 

Chh 


RcitV 

RetBrg' 

Retl* 

ReOj* 

RcF 4 

ReCL" 

RcBrj 

Rcl 4 

(Rc.'Os) 

ReF. 

RcCL 

ReBr. 


ReOt (CKO,)" 

RcFn 0»F* 

(ReCL)'* 


<PiO) h 

(Irtl;)'’ WCI, 

Ft Br, 

rth 

| r ,Ot h (Pi *>,)•” Au^Ot 

IrF, AuF, 

IrO, PiCI,'* AuCIi 

IrBr, PtBr,’’ AuBr, 

Irl, Ptl«’ 

IrO, PiO, 

lrF 4 P*Pa 

(IrCU PiCL 

PtBr 4 
Ptl 4 

(IrFO (PtFO* 


HpO 

M|F« 

Hpbr. 

Hpl? 


(IrO,) 

IrFh 


(PtO\) h 

PlF„ 


(CHF,) 




0f0 4 

Pt.O, 

Au;0 

H|;F;" 

0,01,, 


AuCI 

HgjCL* 



Aul 

H|.Br : ' 






In Table 18 3 ihc most stable compounds are bold, unstable compounds are in 
parentheses, h md.cates hydrated oxides, g indicates that it occurs only as a gas. 
m indicates metal-metal bonding, c indicates cluster compounds, x indicates mixed 

oxide and d indicates that it disproportionates. 


This ability to form complexes is in marked contrast to the s- and p-block 

«e m »?cjS», f ° nly 3 fC , W C ° mplexcs - The reason transition elements 
are so good at forming complexes is that they have small, highly charged 
ions and have vacant low enerev nrhitaic . ; 8 y 8 

donated by other groups or ligands Com„^ . P ..'° ne pa,rs of elec,r0nS 

(+III) oxidation state are gentfraH^more'stable tiT^Vb ““ T* “ '* 
is in the (+11) state. V ble ,han those where the me,al 

Sonic metal ions form their mnet ctoMa , 
the donor atoms are N O or F S,,!^ ! T ' P eXeS w,th li R ands >" which 
elements, the first half of L'° nS inC,ude Group 1 and 2 
actinides, and the p-block elemnn* l '° n elemen,s > ,he lanthanides and 
These metals are called dass-a S except for their heaviest member, 
(see ‘Acids and bases* Chanter 8 . Cep,ors ‘ and correspond to ‘hard’ acids 

Ag. Au and Hg form their mi., " C °? trast the meta,s Rh - lr - pd ’ P, ‘ 

st stable complexes with the heavier 




r 


SIZE OF ATOMS AND IONS 


elements o roups 15. 16 and 17. These metals are called dass-b ac¬ 
ceptors, and correspond to soft acids. The rest of the transition metals, 
and the heaviest elements in the p-block, form complexes with both types 
of donors, and arc thus intermediate in nature. These arc shown (ah) in 
Table 18.4. 
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Table IS.4 Clasva and class-b acceptors 


u 

Be 







(a) 

(a) 







Na 

Mg 







(a) 

(a) 







K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

(a) 

(a) 

(a) 

(a) 

(a) 

fa) 

(a) 

(a/b) 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

fa) 

(a) 

(a) 

(a) 

fa) 

fa) 

(a/b) 

fa/b) 

Cs 

Ba 

La 

Hf 

Ta 

W 

Re 

Os 

(a) 

(a) 

(a) 

(a) 

fa) 

(a) 

fib) 

(a/b) 

Fr 

Ra 

Ac 






(a) 

(a) 

(a) 









Cc 

Pr 

Nd 

Pm 

Sm 




fa) 

fa) 

fa) 

(a) 

fa) 




Th 

Pa 

U 

Np 

Pu 




fa) 

(a) 

fa) 

fa) 

fa) 






B 

C 

N 

O 





(a) 

(a) 

(a) 






Al 

Si 

P 

S 





(a) 

(a) 

(a) 

(a) 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

(a/b) 

(a/b) 

(a/b) 

(a) 

(a) 

(a) 

(a) 

(a) 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

(b) 

(b) 

(b) 

(a/b) 

(a) 

(a) 

(a) 

(a) 

Ir 

Pt 

Au 

Hg 

TI 

Pb 

Bi 

Po 

(b) 

(b) 

(b) 

(b) 

(a/b) 

(a/b) 

(a/b) 

(a/b) 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

Am 

Cm 

Bk 

Cf 

Es 

Fm 

Md 

Mo 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 


The nature of coordination complexes and the important crystal field 
theory of bonding arc discussed in Chapter 7. 


SIZE OF ATOMS AND IONS 

i x s i decrease from left to right 
The covalent radii of the elements fT ' (he en( j w hen the size 

across a row in the transition e)(lra pro tons are placed in 

increases slightly. On passing from added The orbital electrons 

the nucleus and extra orbital ck ^°" e | cC trons shield less efficiently 
shield the nuclear charge incomplete y cffcclivc | y than s electrons), 
than p electrons, which in . lurl ? S J C . cc1roni the nuclear charge attracts 
Because of this poor screening > c contraction in size occurs, 
all of the electrons more strongly. |kf lh an those of the Group 1 

Atoms of the transition elemen -j^is js paf ily because of the 

or 2 elements in the ^me hon^o discussed above, and 

usual contraction in size a 




AN INTRODUCTION^ ELEMENTS 

Table 18.5 Covalent radii of the transitio n elements (A)_ 

“ ” \~Z v Cr Mn Fe Co 

, K 57 ,T4 1 44 1.32 1.22 1.17 M7 ' 116 _ 

Rb Sr Y Zt Nb Mo Tc Ru W> 

2.16 1.91 1.62 1-45 1.34 1.29 - I -? 4 125 


Cs Ba 
2.35 1.98 


La J Hf Ta W Re 
1.69 T 1.44 1.34 1.30 1.28 


Os Ir Pi 
1.26 1.26 1.29 


. i * _i _ 


partly because the orbital electrons are added to the penultimate d shell 

rather than to the outer shell of the atom. 

The transition elements are divided into vertical groups of three (triads) 
or sometimes four elements, which have similar electronic structures. On 
descending one of the main groups of elements in the s- and p-blocks, the 
size of the atoms increases because extra shells of electrons are present. 
The elements in the first group in the d-block (Group 3) show the expected 
increase in size Sc —» Y —► La. However, in the subsequent Groups (3-12) 
there is an increase in radius of 0.1 —» 0.2 A between the first and second 
member, but hardly any increase between the second and third elements. 
This trend is shown both in the covalent radii (Table 18.5) and in the ionic 
radii (Table 18.6). Interposed between lanthanum and hafnium are the 14 

lanthanide elements, in which the antepenultimate 4/ shell of electrons is 
filled. 


Table 18.6 The effect of the lanthanide contraction on ionic radii 

CV* 1.00 Sc'* 0.745 Ti 4 * 0.605 V'* 0.64 

Sr > 118 Y 0.9() Zr 4 * 0 7^ 0 77 

Ba-‘ 1.35 La‘- I .(132 . Hf 4 * o'?T Ta'* <172 

—14 Lanthanides 

ce^r<o^,f,T U m al Th eCreaSe ,! n 7 iZe ° f ,he 14 lamha " lde elements from 
cussed in Chapter 29 The lanthanide ' amhanide con,r action. and is dis- 
the normal size increase on descend!., COmrac,,on cancels almost exactly 

covalent radius of Hf and the ionic radiusof Hf ' ranSi,ion elemen,s The 
the corresponding values for Zr The e ° f Hf are actually smaller than 

same as the values for Ta Therefore ?h ' a " d i0niC radii of Nb are ,he 
elements have similar radii. As a re *< Se £° nd and th,rd row transition 
energies, solvation energies mH SU * they a,so have similar lattice 
in properties between the first ro lZ3tI .° n ener 8 * es - Thus the differences 
greater than the differences between^ Second row elements are much 
The effects of the lanthanide contract C SCCOnd and third row elements, 
right of the d*block. However the eff 100 ^ * CSS P ronounce d towards the 
p*block elements which follow * eCt ^ shows 10 a lesser degree in the 


* 

I 

7 


IONIZATION ENERGIES 


c 


density 

The atomic volumes of the transition 

elements in neighbouring Groups 1 an H *** ,OW com P ared with 

nuclear charge is poorly screened anH ’ 1 ,S because the increased 
strongly. In addition, the extra e .^f S ° **'“ a " * he electrons more 
Consequently the densities of the tran°v 3 ^ occupy lnner orhllals - 
all have a density greater than w" m "T* are ^ Practically 
cm-’ and Y and Ti 4.5g Cm - 3 1 ThTa ' ^ °" ly exce P ,,ons are Sc 3.0g 
and third row values are eve„ it™!? S8C ? nd rOW are hi * h 
elements with the highest densities a Cf 66 ^PP end ' x D.) The two 
22.61 gem' 3 . To ge, some feel for how vTT f 57 S cm ‘ 3 . a " d iridium 
made of osmium or iridium measurine 'In * '* 8 j. re really 1S ’ a footba11 
320kg or almost one third of a tonne! dlame,er would wei 8 h 

MELTING AND BOILING POINTS 

hilhT^eA 8 and ^ oilin |P° in,s of ‘he transition elements are generally very 
SK PPe ," dKeS B a " d C) Transi " on dements typica.fy me., above 

w“ ^ReWO Th nd ,hrCe r me " abOVC 30 °°‘ C 

... r ' dna Ke 31X0 C). There are a few exceptions. The 

ing points of La and Ag are just under 1000°C (920°C and 961 °C 
respeenvely). Other notable exceptions are Zn (420°C), Cd (321 °C) and 
g which is liquid at room temperature and melts at -38°C. The last three 
behave atypically because the d shell is complete, and d electrons do not 
participate in metallic bonding. The high melting points are in marked 
Sl ,0 ,he ,OW mel,in 8 P oin,s for ‘he s-block metals Li (181 °C) and Cs 


REACTIVITY of metals 

Many of the metals are sufficiently electropositive to react with mineral 
acids, liberating H : . A few have low standard electrode potentials and 
remain unreactive or noble. Noble character is favoured by high enthalpies 
sublimation, high ionization energies and low enthalpies of solvation. 
(See Born-Haber cycle’. Chapter 6.) The high melting points indicate high 
heats of sublimation. The smaller atoms have higher ionization energies, 
hut this is offset by small ions having high solvation energies. This tendency 
lo noble character is most pronounced for the platinum metals (Ru, Rh, 
Pd, Os, Ir, Pt) and gold. 

toNlZATION ENERGIES 

The ease with which an electron may be removed from a transition metal 
a, °m (that is, its ionization energy) is intermediate between those of the 
5 ‘ and p-blocks. Values for the first ionization energies vary over a wide 
ran ge from 541 kJ mol" 1 for lanthanum to 1007kJmor' for mercury. 
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These are comparable with the values for lithium and carbon respective! 
This would suggest that the transition elements are less electropositive th ^ 
Groups 1 and 2 and may form either ionic or covalent bonds dependi^ 
on the conditions. Generally, the lower valent states are ionic and ih^ 
higher valent states covalent. The first row elements have many more 
ionic compounds than elements in the second and third rows. 


1 

/ i x] 
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COLOUR 

Many ionic and covalent compounds of transition elements are coloured 
In contrast compounds of the s- and p-block elements are almost alwa 
white. When light passes through a material it is deprived of those wave 
lengths that are absorbed. If absorption occurs in the visible region of the 
spectrum, the transmitted light is coloured with the complementary colour 
to the colour of the light absorbed. Absorption in the visible and UV 
regions of the spectrum is caused by changes in electronic energy. Thus the 
spectra are sometimes called electronic spectra. (These changes are often 
accompanied by much smaller changes in vibrational and rotational 
energy.) It is always possible to promote an electron from one energy level 
to another. However, the energy jumps are usually so large that the 
absorption lies in the UV region. Special circumstances can make it 
possible to obtain small jumps in electronic energy which aDDear 
absorption in the visible region. 


i uidi liduun 


N f | ,, NaB L and NaI are a11 ionic - and ar e all colourless. AgCl is also 
and Ap 6 ' S » Th | 1S ,he „ hal,d 1 e '° nS CP ' Br ~ and I_ • a^ the metal ions Na* 
is veMol'TK ^ * C ° l0UrleSS - H ° WeVer - A * Br is P ale ^How and Agl 

Thi! meal Ur H r,SeS 603056 ,he ion P° ,arizes 'he halide ions. 

covalent com* hV* T"* ^ eleC,ron cloud - and im P lies a greater 
is the lm, !'i""'a T i )0lar ' Zabll,tJ of ions '""eases with size: thus I" 

A„ rn 3 prv ’ an ' s tbe most coloured. For the same reason 

AfoCO, and Ag,P0 4 are yellow, and Ag : 0 and Ag : S are black. 

Incompletely filled d or /’shell 

or / shells Th?^!^ 0 " 1 entirely d '^ ere nt cause in ions with incomplete d 
tnetal ions ^ important in most of the transition 

is 'they SideS ' he five d ° rbi ' a ls are degenerate, that 

rounded by solvent moJcuTefif ir^ 31 lj . fe si,ua,ions ,he ion wiU be SUf ' 

complex, or by other ions if it J ‘ Ssolut,on - oth er ligands if it is 3 
affect the energy of some d orh'. ? CrySt3 laUlce ' The surrounding groups 

are no longer degenerate and ? .V"— ' h3n °‘ herS - ThUS ' h6 d ° rb " of 
& © te. and at their simplest they form two groups of 


I 

A 



orbitals of different energy. Thus in tr*..*:.- 

filled d shell it is possible to promote elect ronsV emem IO " S with a par1ly 
t M °< hieher energy. “"•»» 

difference, and so light is absorbed in thTvisihb . falrl !L smal1 energy 
transition metal complex is dependent on Knur k- * g,on ' The colour of a 
between the two d levels. This in turn depends mth* ener8y d,fference is 
and on the type of complex formed Th i 6 na ‘ Ure ° f ,he ligand ' 

[Ni(NH,)6 f-n! S b ' Ue ’ '« green and C,a [NKNO 

brown-red. The colour changes with the ligand used. Thl colour also 
depends on the number of ligands and the shape of the complex formed 
The source of colour in the lanthanides and the actinides,* very similar, 
arising from / - / transitions. With the lanthanides the 4/orbitals are 
deeply embedded inside the atom, and are well shielded by the 5s and 5p 
electrons. The/electrons are practically unaffected by complex formation: 
hence the colour remains almost constant for a particular ion regardless of 
the ligsnd. The absorption bsnds are also very narrow. 

Some compounds of the transition metals are white, for example ZnS0 4 
and Ti0 2 . In these compounds it is not possible to promote electrons 
within the d level. Zn 2+ has a rf 10 configuration and the d level is full. Ti 4+ 
has a d ) configuration and the d level is empty. In the series Sc( + III), 
Ti( + IV), V( + V), Cr( + VI) and Mn( + VII), these ions may all be con¬ 
sidered to have an empty d shell: hence d-d spectra are impossible and 
they should be colourless. However, as the oxidation number increases 
these states become increasingly covalent. Rather than form highly 
charged simple ions, oxoions are formed Ti0 2+ , VOt\ VOj", CrO 2- and 
MnOj. VOt" is pale yellow, but CrO 2- is strongly yellow coloured, 
and MnOj has an intense purple colour in solution though the solid is 
almost black. The colour arises by charge transfer. In MnO* an electron is 
momentarily transferred from O to the metal, Jhus momentarily changing 
O 2- to O - and reducing the oxidation state of the metal from Mn(VII) 
to Mn(VI). Charge transfer requires that the energy levels on the two 
different atoms are fairly close. Charge transfer always produces intense 
colours since the restrictions of the Laporte and spin selection rules do 
not apply to transitions between atoms. (See Chapter 32.) 

The s- and p-block elements do not have a partially filled d shell so there 
cannot be any d-d transitions. The energy to promote an s or p electron to 
a higher energy level is much greater and corresponds to ultraviolet light 
being absorbed Thus compounds of s- and p-block elements typically are 

not coloured. 

MAGNETIC PROPERTIES 

u/u . • in a magnetic field of strength//, the intensity 

When a substance is placed in a magne ^ |han ^ ^ than w 

of the magnetic field in the subs f a ; y tha ® H ,he substance is para- 
If the field in .he substance« to ntd through . 

magnetic. It is easier for ™ gh a vacuum. Thus paramagnetic 
paramagnetic material than K move, a paramagnetic 

materials attract lines of force, and. if it is tree to m 
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material will move from a weaker to a stronger part of the field. Para- 
magnetism arises as a result of unpaired electron spins in the atom. 

If the field in the substance is less than H , the substance is diamagnetic. 
Diamagnetic materials tend to repel lines of force. It is harder for magnetic 
lines of force to travel through diamagnetic materials than through a 
vacuum, and such materials tend to move from a stronger to a weaker part 
of a magnetic field. In diamagnetic compounds all the electron spins are 
paired. The paramagnetic effect is much larger than the diamagnetic effect. 

It should be noted that Fe, Co and Ni are ferromagnetic. Ferromagnetic 
materials may be regarded as a special case of paramagnetism in which the 
moments on individual atoms become aligned and all point in the same 
direction. When this happens the magnetic susceptibility is greatly 
enhanced compared with what it would be if all the moments behaved 
independently. Alignment occurs when materials are magnetized, and Fe, 
Co and Ni can form permanent magnets. Ferromagnetism is found in 
several of the transition metals and their compounds. It is also possible to 
get antiferromagnetism by pairing the moments on adjacent atoms which 
point in opposite directions. This gives a magnetic moment less than would 
be expected for an array of independent ions. It occurs in several simple 
salts of Fe 3+ , Mn 2 * and Gd 3 *. Since ferromagnetism and antiferro¬ 


magnetism depend on orientation, they disappear in solution. 

Many compounds of the transition elements are paramagnetic, because 
they contain partially filled electron shells. If the magnetic moment is 
measured, the number of unpaired electrons can be calculated. The 
magnetochemistry of the transition elements shows whether the d electrons 
are paired. This is of great importance in distinguishing between high-spin 
and low-spin octahedral complexes. 

There are two common methods of measuring magnetic susceptibilities: 
t e araday and the Gouy methods. The Faraday method is useful for 
measurements on a very small single crystal, but there are practical 
difficult.es because the forces are very small. The Gouy method is more 
" USe ' er f sam P ,e may be presented as a long rod of material, a 

nlarpH?n ° T 3 f 3SS tU k e P ac ^ ec ^ w * l h powder. One end of the sample is 
c l j a f um orm magnetic field and the other end in a very low 01 zero 

us ni ^ here are much 'arger. and can be measured 

using a modified laboratory balance. 

magnetic K| a compound is measured using a 

converted into the 1 °^ ba,anc e). K i. is dimensionless, and is readily 
this .he mapnet Z sus «Ptibility * M , which has units m W. From 

small diamagnetic corrib n u,i°oVisVnS Und M 


M' 


= 3k7 xm 

- n'm,, 


wnere k 


is the Boltzmann constant (1.3805 x lO’^JK" 1 ) 

tHHEZZ?* °< i— t*. * io-’h.") 

emperature and N° is the Avogadro const! 


J 






MAGNETIC PROPERTIES 


Thus p has SI units JT ‘, and 

t* = K(3k)/(/v> 0 ). 

It is convenient to express the magnetic moment p in units of Bohr 
magnetons p B , where 

e h 

Mb = --= 9.273 x 10~ 24 JT~ l 

4jtm c 

where e is the electronic charge, h is Planck’s constant and m e is the mass 
of an electron. 

Thus the magnetic moment in Bohr magnetons becomes. 

- 7 - = constant. fatA-T (18.1) 

Mb 

where constant = /(3k)/(yV°p 0 ) / MB = 797.5 m V2 mol " 1/2 K ,/2 
The magnetic moment p of a transition metal can give important 
information about the number of unpaired electrons present in the atom 
and the orbitals that are occupied, and sometimes indicates the structure of 
the molecule or complex. If the magnetic moment is due entirely to the 
spin of unpaired electrons p*, then 

Ms = /4 S(S + 1) - Mb 



Figure 18.1 Diagram of a Gouy magnetic balance. 
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Table 18 

must be 


.7 Some diamagnetic corrections (Pascals const 
multiplied by 10' i: . Units are m mol ) 


nh; 

-167 

OH" 

-151 

H 

-36 

-75 

Li* 

Na* 

-12 

-85 

O 2- 

F“ 

-151 

-114 

C 

C (aromatic) 

f J* 

-79 

K* 

-187 

cr 

-294 

N 

-70 

Rb* 

-269 

Br' 

-435 

N (aromatic) 

-59 

(V 

-422 

r 

-636 

P( +V) 

— 331 

Me* 

-63 

COi" 

-370 

O ether/ROl 1 

-58 

Or* 

-131 

N07 

-126 

(in COOH) 

-42 

Cr* 

-188 

Nor 

-326 

s’ 

-189 

Cr * 

-138 

sor 

-478 

F 

-79 

Mn : * 

-176 

SOi" 

-503 

Cl 

-253 

Mn '* 

-126 

bf; 

-490 

Br 

-395 

Fe 2 * 

-161 

CN" 

-163 

1 

-561 

Fe'* 

-126 

CNCT 

-264 

acetate 

-402 

Co 2 * 

-161 

CNS" 

-390 

oxalate 

-427 

Co w 

-126 

CKK 

-380 

ethylenediamine 

-578 

Nr* 

-161 

cio; 

-402 

NH, 

-226 

Cu : * 

-161 

H^O 

-163 

dipyridyl 

-1319 

Zn : * 

-189 



PPh, 

-2098 


J 


ants) (All table values 


( 

C 

C 

N 

N 

C 

C 


=c 

= N 

=o 

= r N 

=o 

=C 


+ 30 
+ IU5 
+ K1 
+23 
+22 
+ 1(1 
+ 10 


observed magnetic moment may be considered to arise only from unpaired 
spins The spin only magnetic moment p s may be written: 

Ps = |/4S(.S + l). p n 


fhe magnetic moment p (measured in Bohr magnetons. BM) is related to 
the number of unpaired spins n by the equation: 


Ps - /n(n + 2). p„ 

I he spin-only results are shown in Table 18.8. The simple spin-only 

formula gives good agreement w,th many high-spin complexes of first row 
transition metals, shown in Table lb.9 


Table 18.8 Spin only magnetic moments for numbers of unpaired electrons 


Number of unpaired 
electrons n 


Magnetic moment 
Ps (BM) 


Total spin 
quantum number 
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Tihlt 18 9 Magnenc moments of some first row complexes 


Ion 



Number of 
unpaired 
electrons 


1 

2 

3 

4 

5 
4 
3 
2 
1 


Experimental 
magnetic 
moment (BM) 

1.7- 1.8 

2.8- 3.1 

3.7- 3.9 

4.8- 4.9 
5.7-6.0 
5.0-56 
4.3-5.2 

2.9- 3.* 

1.9- 2 I 


Calculated magnetic 
moment spin only 
formula p 5 (BM) 


1.73 

2.83 

3.87 

4.90 

5.92 

4.90 

3.87 

2.83 

1.73 


An example 


This is best explained by an example. Magnetic measurements on 
CuS0 4 *5H 2 0 at 293 K using a Gouy balance gave a value x, * 1 70 x 
10 . The molecular weight is 250.18, so the molar mass M is 0 250kg 
mol” . The density D is 2.29gcm“ 3 = 2.29 x 10'kgm* 3 . The value for 
Xm (not corrected for diamagnetic effects) is: 


Xm — 


1.70 x 10~ 4 x 0.250 kg mol" 1 
2.29 x 10 3 kgm" 3 


= 1.858 x lO^mol" 1 m } 


The diamagnetic correction is obtained by adding together the contribu¬ 
tions from each of the constituent ions and molecules given in Table 18 7: 


Cu 2 * -161 x 10’ 12 

SOj- -503 x lO" 12 

5H 2 0 5 x (-163 x 10" 12 ) = -815 x 10" 12 


Xu 


lamagnctic 


-1479 x 10 


or -0.148 x 10 


-12 

-8 


The corrected value for Xm is thus: 

(1.856 + 0.148) x 10" 8 mor , m 3 = 2.004 x 10" K mor , m 3 
Using equation (18.1) the true magnetic moment in Bohr magnetons is:. 


^- = 797.5/2.004 x 10" 8 x 293 
Hb 

= 1.93 Bohr magnetons 
Assuming the spin-only formula 

p = /n(n + 2). Pb 

If n = l p = /1(1 4- 2). Pb = 1-73 BM 

Thus Cu 2 * in CuS0 4 • 5H 2 0 has one unpaired electron 
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Though the agreement for first row transition metal complexes given in 
Table 18.9 is generally very good, in some cases, for example Co , the 
Observed value for n is higher than calculated by the spin-only formula. 
This suggests that there is also an orbital contribution. To have an orbital 
angular moment it must be possible to transform an orbital into an 
equivalent (degenerate) orbital by rotation. It is possible to transform the 
fj . orbitals (</„. d„ and d yz ) into each other by rotating 90*. It is not 
possible to transform the e t orbitals in this way (e.g. the d,:.^ into the 
d ,.), since they have different shapes. If the t 2g orbitals are all singly 
occupied, then it is not possible to transform the d xy into d J2 or d> z since 
they already contain an electron with the same spin. Similarly it is not 
possible to transform the 1 2g orbitals if they are all doubly occupied. Thus 
configurations^with (t 2 g) 1 or ,(^ 2 g) 6 have no orbital contribution, but the 
others all have an orbital contribution. Thus in octahedral complexes the 
following arrangements have an orbital contribution: 

(/2g)Vg)° ('2g)V/ ('2g)*Vg) 2 (^2g) 5 (e g ) 2 

Co 2+ has the (r 2g ) s (e g ) 2 configuration: hence the high value of p is due to 
the orbital contribution. In a similar way an orbital contribution arises in 
tetrahedral cases with the following configurations: 

(e) 2 (t 2 y (e) 2 (t 2 ) 2 (e) 4 (i 2 ) 4 (e) 4 (f 2 ) 5 

In the second and third row transition elements, and particularly in the 
lanthanide elements (where unpaired electrons occupy 4/ orbitals), the 
orbital motion is not prevented or quenched. Thus the orbital contribution 
L must be included in the calculations. In some cases there is coupling 
between the spin contribution S and the orbital contribution L (spin orbit 
coupling, or Russell-Saunders coupling) to give a new quantum number 
J. In this case a more complicated formula is used. This is described in 
Chapter 29. The equations are. 


9 = gfiV + 1) - n B 


where 


1 + SfS + 1) - L(L + 1) + J(J + n 

27(7 +.1) 

Rearranging, this becomes 

U + S(S + I) - L(L + 1) 

27 ( 7 + 1 ) 

Using this equation the agreement between the observed and the 
calculated magnetic moments of the trivalent lanthanide elements is very 
close. For further details see Chapter 29. Spin orbit coupling gives rise to 
fine structure in absorption spectra. It splits the degenerate lower levels 
into a set of different levels. These levels may be populated by using 
thermal energy giving rise to a temperature dependent magnetic moment. 
Pierre Curie found that the measured magnetic susceptibility Xm fof 
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paramagnetic materials varied with temperature. He put forward the Curie 
law that the paramagnetic susceptibility xm varies inversely with the 
absolute temperature, and 

_ C 
Xm — 

where C is a constant characteristic for the particular substance, called the 
Curie constant. Thus the magnetic field tends to align the moments of the 
paramagnetic atoms or ions, and thermal agitation tends to randomize 
them. Applying a statistical treatment: 

.. _ M*V)/(3A) 

Xm - - - - 

Thus the magnetic moment in Bohr magnetons is given by: 


hence 


— = mklNyun . Fxm T 
Pb 


— = 797.5/^TT 
Pb 

The Curie law is obeved with great accuracv bv some systems such as 
(FeF 6 ] 3 " However, many paramagnetic materials deviate slightly from 
this ideal behaviour, and obey the Curie-Weiss law: 

Xm = and ^ = 797 5 fib* ■ (7 + 0>“ I*b 

/ -r u 

(0 is called the Weiss constant and is an empirical quantity.) 


CATALYTIC PROPERTIES 


Many transition metals and their compounds have catalytic properties. 
Some of the more important ones are listed here: 



V 2 0 5 


MnO : 

Fe 

FeCI, 
FeS0 4 
and H 2 0, 
PdCI 2 

Pd 

Pt/PtO 


Used as the Ziegler-Natta catalyst in the production of 
polythene. 

Converts S0 2 to SO, in the Contact process for making 


HiSO 

Used as a catalyst to decompose KCIO, to give Q 2 . 
Promoted iron' is used in the Haber-Bosch process for 

making NHv 

Used in the production of CCI 4 from CS 2 and Cl 2 . 

Used as Fentons reagent for oxidizing alcohols to aldehydes. 


Wacker process for converting C 2 H 4 + H,0 + PdClj 
CHiCHO + 2HCI + Pd. 

Used for hydrogenation (e g. phenol to cyclohexanone). 
Adams catalyst, used for reductions. 


to 
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Pt 


Pt 


Pt/Rh 

Cu 

Cu/V 

CuCI: 

Ni 


Ni 


Formerly used for S0 3 - SO, in the Con.ac. process fo, 
rSeasSy being used in ihree slagc-converlors for 

process for making HNO, ,o 

loused irnhe direct process for manufacture of (CHi) 2 SiCI 2 

Oxidatio^of 0 cycloTexanol/cyclohcxanone mixtures to adipic 

acid which is used to make nylon-66. 

Deacon process of making Cl 2 from HU. 

Raney nickel, numerous reduction processes (e g^ manu¬ 
facture of hexamethylenediamine, production of H 2 from 
NH,. reducing anthraquinone to anthraquinol in the produc- 

tion of HtOt). 

Reppe synthesis (polymerization of alkynes, e.g. to give 

A . . a___. _ \ 


-omnlexes benzene or cyclooctatetraene) 


In some cases the transition metals with their variable valency may form 
unstable intermediate compounds. In other cases the transition metal 
provides a suitable reaction surface. 

Enzymes are catalysts that enhance the rates of specific reactions. They 
are proteins and are produced by living cells from amino acids. They work 
under mild conditions, often give 100% yields and may speed a reaction by 
Hf or 10' 2 times. Some enzymes requite the presence of metal ions as 
cofactors, and these are called metullocnzymes. Many (but not all) metallo- 
enzymes contain a transition metal. Some metalloenzymes are listed in 
Table IK 10 


NONSTOICHIOMETRY 

A further feature of the transition elements is that they sometimes form 
nonstoichiomctric compounds. These are compounds of indefinite struc¬ 
ture and proportions. For ex ampl e, iron(II) oxide FeO should be written 
with a bar over the formula FeO to indicate that the ratio of Fe and 0 
atoms is not exactly 1:1. Analysis shows that the formula varies between 
Fe 0 vaO and FeonjO. Vanadium and selenium form a series of compounds 
ranging from VSe ( n> M to VSct. These arc given the formulae: 

VSe (VSe„, w - VSe,,) 
v :Se 3 (VSe, : — VSe, „) 

V 3 Sc 4 (VSe i 0 —» VSe 3 ) 

Nonstoichiometry is shown particularly among transition metal cow- 
pounds of the Group 16 elements (O. S. Se, Te). It is mostly due to the 
variable valency of transition elements. For example copper is precipitated 
from a solution containing Cu 2 " by passing in H,S The sulphide is 
completely insoluble, but this is not used as a graCimetric method for 
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Table 18.10 Metalloenzymes and metalloproteins (metal loproteins in brackets) 

Metal Enzyme/metalloprotein Biological function 

Mo Xanthine oxidase Metabolism of purines 

Nitrate reductase Utilization of nitrates 


Mn 11 

Arginase 

Phosphotransferases 

Fe" or Fe" 1 

Aldehyde oxidase 
Catalase 


Peroxidase 

Cytochromes 

Ferredoxin 


(Haemoglobin) 

Succinic dehydrogenase 

Fe and Mo 

Nitrogenase 

Co 

Glutamic mutase 
Ribonucleotide reductase 

Cu 1 or Cu 11 

Amine oxidases 
Ascorbate oxidase 
Cytochrome oxidase 
Galactose oxidase 


Lysine oxidase 

Dopamine hydroxylase 


Tyrosinase 

Ceruloplasmin 

(Haemocyanin) 

Plastocyanin 

Zn" 

Alcohol dehydrogenase 
Alkaline phosphatase 
Carbonic anhydrase 
Carboxypeptidase 


Urea formation 
Adding or removing PO]~ 

Oxidation of aldehydes 
Decomposes H 2 0 2 
Decomposes H 2 0 2 
Electron transfer 
Photosynthesis 

0 2 transport in higher animals 
Aerobic oxidation of carbohydrates 

Fixation of dinitrogen 

Metabolism of amino acids 
Biosynthesis of DNA 

Oxidation of amines 
Oxidation of ascorbic acid 
Principal terminal oxidase 
Oxidation ot galactose 
Elasticity of aortic walls 
Producing noradrenaline to generate 
nerve impulses in the brain 
Skin pigmentation 
Utilization of Fe 
0 2 transport in invertebrates 
Photosynthesis 

Metabolism of alcohol 
Releasing POj" 

Regulation of pn and C0 2 formation 
Digestion of proteins 


analysing for Cu because the precipitate is a mixture of CuS and Cu 2 S. 
Sometimes nonstoichiometry is caused by defects in the solid structures. 


ABUNDANCE 

Three of the transition metals are very abundant in the earth's crust. Fe is 
the fourth most abundant element by weight, Ti the ninth and Mn the 
twelfth. The first row of transition elements largely follow Harkins rule 
that elements with an even atomic number are in general more abundant 
than their neighbours with odd atomic numbers. Manganese is an 
exception The second and third row elements are much less abundant than 

the first row. Tc does no. occur in nature. Of the las, six eements in the 

, * . , / r Tv> Dm Rh Pci Ac« Cd, Re, Os, Ir, it, Au, H^j 

second and third rows (Tc, Ku. ren, r , 5 . 

v..u a MU \ m orp fhan 0 16 parts per million (ppm) in the 

none occurs to an extent of more tnan u.io v \rr 

earth's crust. 
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in the lower energy d levels rather than use the higher levels, regardless of 

th Thesp?n only formula gives reasonable agreement relating the observed 
magnetic moment of first row transition metal complexes to the number of 
unpaired electrons. For the second and third row transition elements the 
orbital contribution is significant, and in addition spin orbit coupling may 
occur. Thus the spin only approximation is no longer valid, and more, 
complicated equations must be used. Thus the simple interpretation of 
magnetic moments in terms of the number of unpaired electrons cannot be 
extended from the first row of transition elements to the second and third 
rows. The second and third rows also show extensive temperature 
dependent paramagnetism. This is explained by the spin orbit coupling 
removing the degeneracy from the lowest energy level in the ground state. 


Abundance 

The ten first row transition elements are reasonably common and make up 
6.79% of the earth's crust. The remaining transition elements are mostly 
very scarce. Even though the abundance of Zris 162 ppm. La 31 ppm, Y31 
ppm and Nb 20 ppm, the 20 elements in the second and third rows 
elements together make up only 0.025% of the earth’s crust. Tc does not 
occur in nature. 
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PROBLEMS 

1. How would you define a transition element? List the properties 
associated with transition elements. 

2. How do the following properties vary in the transition elements: 

(a) ionic character 

(b) basic properties 

(c) stability of the various oxidation states 

(d) ability to form complexes? 

3. Give examples of, and suggest reasons for, the following features of 

—«* 

( W SSSU «— .. 

fluorides than in its iodides. increasing oxidation state 

(c)The halides become more covalent with increasing 

of the metal and are more susceptible to hydrolysis. 

4. Write notes on the following: 

(a) The effective atomic number rule 

(b) Ligands which stabilize low oxidation states 

(c) Back bonding in metal carbonyls 

. • i, ..frrmelv pure samples of the metals 

5. Describe the methods by which 

may be prepared. . 

*+ • nc nf the first row transition elements are 

6. Which of the M J+ and M 5 tons of the nrst 
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stable in aqueous solution, which are oxidizing and which art 
reducing? 

, c ... whv c-rtain ligands such as F" tend to bring out the maximum 
oxidation state of an element, whilst others such as CO and dipyridyl 
bring out the lowest oxidation states. 

ft Give reasons why carbonyl and cyanide complexes of the later 
transition elements Cr. Mn. Fe. Co. Ni are more stable, more 
common, and more likely to exist than similar compounds of the 
5-block or early transition elements. 

9 Why do the second and third rows of transition elements resemble 
narh other much more closely than they resemble the first row? 


10. What do you understand by the terms paramagnetism and dia¬ 
magnetism? Predict the magnetic moment for octahedral complexes of 
Fe 2+ with strong field ligands and with weak field ligands. 



Table 19.1 Electronic structures and oxidation states 


Element 


Electronic structure 

Oxidation states 

Scandium 

Sc 

(Arj .V/ 1 4 s 2 

III 

Yttrium 

Y 

f Kr) ’4 d' 5r 

III 

Lanthanum 

La 

[Xe] 5d' fir 

III 

Actinium 

Ac 

[ Rn | bd' 7r 

III 


INTRODUCTION 

These four elements are sometimes grouped with the 14 lanthanides and 
called collectively the ‘rare earths'. This is a misnomer because the 
scandium group are d-block elements and the lanthanides are /-blot* 
elements. In addition the scandium group is by no means rare, except f* 
actinium which is radioactive. The trends in properties in the family Sc Y. 
La and Ac are quite regular, and similar 10 the tren s in 8I \ •_ 

There are few important industrial uses of the elements o 
compounds apart from Mischmetal, which is used m the metallurgical 

industries. 

OCCURRENCE, SEPARATION, EXTRACTION AND USES 

Sc is the thirty-first most abundant elemen^by weight^.^J^hortveitite 

It ts thinly distributed. It occurs roduct from the extraction of U. There is 
Sc,[Si,0,j. It is available as a by-product from 

very little use for Sc or its compoun s. jghth mos t abundant 

' Y La are thethe' lamhanide elements in 
elements. They are found togc ber and ot her minerals. It is 

bastnaesite M m CO.xF. monwite ^ e | emenls . This is covered in 
extremely difficult to separate tn extract the metals from their 

some detail in Chapter 29. 11 is f’ 5 ? ^U.ve and react with water. Their 
compounds. The metals are elec r pos cannol be used (Al 2 0, 

oxides are very stable so that a t continued overleaf 
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T«bk 19.2 Abundance of the elements in the 
earth s crust, by weighty 

Relative abundance 

31 
29 
28 


Sc 

Y 

La 

Ac 


ppm 

25 

31 

35 

trace 


,, .• ifWSirl mol' 2 La 3 0, enthalpy of formation 1884Id 

St'S by reduction of the ch.orides or 

mot ). > nc n,c . ,nnn°C under an atmosphere of argon. 

^Srnan'amoum Tf Y are used to make the red phosphor for TV tubes. 

Some's sed to make synthetic garnets used in radar and as gemstones. In 
aomeisuscu ; f La j s produced annually, mostly as 

contrast about 5000 a “n*‘ " . ed m J ur e of La and the lanthanide 

“ (50% Ce. 40% La. 7% Fe. 3% other metals). It is used extensively 
^improve the strength and workability of steel, and also m Mg alloys^ 
SmaT. amounts are used as lighter flints;. La 2 G, is used jn optical glass such 
as Crooke's lenses, which give protection against UV light 
Traces of Ac are always found associated with U and Th. as it is formed 
as a decay product in both the thorium and actinium natural radioactive 

decay series (Chapter 31). 


232 X h 
00 1 n 


--iRal : s$Ac 


88 J 


-i'.Th - : J|Pa ” 


227 A P 227 

hv AC —9 go 


Th 


Ac can be made by irradiating Ra with neutrons in a nuclear reactor: 

P 


22#>n- i I 
H 8 


Ra + ,,n 


2 iJRa 


227 

80 


Ac 


At best this produces milligram quantities: separation from other elements 
is performed by ion exchange. : s5Ac and : JgAc are the only naturally 
occurring isotopes, and both are intensely radioactive. The half lives of 
2 J5Ac and 2 JjAc are 6 hours and 21.8 years respectively. Thus any Ac 
present when the earth was formed will have long since decayed. Any 
found now must have been produced fairly recently by radioactive decay of 
another element. This explains the scarcity of naturally occurring Ac. The 
high activity has limited the study of the chemistry of the e lement. 

OXIDATION STATE 

The elements always exist in the oxidation state ( + 111). and occur as M 
ions. The formation of M w requires the removal of the two s and one d 
electron. Thus the ions have a d° configuration, and d-d spectra are 
impossible. As a result the ions, and their compounds, are colourless an 
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diamagnetic. The sum of the first three ionization energies for scandium is 
a little less than the sum for aluminium. The properties of scandium are 
similar in some ways to those of aluminium. 

SIZE 

The covalent and ionic radii of the elements increase regularly on 
descending the group as in the 5-block. In the groups of transition ele¬ 
ments shown in Table 19.3 the second and third row elements are almost 
identical in size because of the lanthanide contraction. However, this 
happens after La. 


Table 19.3 Some physical properties 


Element 

Covalent 

Ionic 

Ionization Standard 

Melting 

Pauling’s 


radius 

radius 

energies electrode 

point 

electro- 




(kJmor 1 ) potcniial 


negativity 


(A) 

(A) 

1st 2nd 3rd £° (V) 

ro 


Sc 

1.44 

0.745 

631 1235 2393 -2 OH 

1539 

1 3 

Y 

1.62 

0.9(X) 

616 1187 1968 -2 37 

1530 

1 2 

La 

1.69 

1.032 

541 1100 1852 -2.52 

920 

1.1 

Ac 


1.12 

-2.6 

817 

11 


CHEMICAL PROPERTIES 

The metals have moderately high standard electrode potentials. They are 
quite reactive, and reactivity increases with increased size. They tarnish in 
air and burn in dioxygen, giving oxides M 2 Ov Y forms a protective oxide 
coating in air, which makes it unreactive. 

2La + 30 2 — 2La 2 Oi 

The metals react slowly with cold water, but more rapidly with hot water, 
liberating hydrogen and forming either the basic oxide or t e > 

2La + 6H 2 0 — 2La(OH)j + 3H 2 
La(OHh — LaO OH + H 2 0 

basic oxide 

ScfOHh appears not to exist as a definite compound, but the^bas ,c oxiide 

M OH Hw.ll established, and is Hl >' 

scandium is amphoteric, it dissolves in a 

Sc + 3NaOH + 3H 2 0 - Na,[Sc(OH) ft ] + 1*H 2 

Basic properties of the oxides andhydroxtdes incrMse oxides 8 and 

group, and Y(OH), and La(OH>, La (OH), react with 
hydroxides form salts with acids, 
c «ubon dioxide: 


vJUctl 


ic^u uy vjcii i iulcu ii i^i 







GROUP 3 - THE SCANDIUM GROUP 


2Y(OH)i + 3CO : — Y 2 (CO,).i + 3H 2 0 

La(OH), is a strong enough base to liberate NH> from ammonium salts. 
Because the oxides (and hydroxides) are ether amphotem or weak bases, 
their oxosalts can be decomposed to oxides by heating. This is similar to 
the behaviour of Group 2 elements, but the decomposition occurs more 
easily, i.e. at a lower temperature. 


2V(OH)i—V:Ot + 3H : 0 

Y 2 (CO03-♦ Y 2 O y + 3C0 2 

2Y(N0 3 ) 3 -♦ Y 2 0 3 + 6NO : + U0 2 

Y 2 (S0 4 )i-♦ Y 2 °3 + 3S0 2 + I 2 O. 

The metals react with the halogens, forming trihalides MX V These 
resemble the halides of Ca. The fluorides are insoluble (like CaF 2 ) and the 
other halides are deliquescent and very soluble (like CaCI 2 ). If the 
chlorides are prepared in solution, they crystallize as hydrated salts. 
Heating these hydrated salts does not yield anhydrous halides. On heating. 
ScCI 3 (H 2 0) 7 decomposes to the oxide, whilst the others give oxohalides. 


2ScCl r (H 2 0) 7 -^ Sc 2 0 3 + 6HCI + 4H 2 0 

YClj • (H 2 0) 7 -► YOCI + 2HC1 + 6H 2 0 

LaCl v (H 2 0) 7 -> LaOCI + 2HCI + 6H 2 0 

Anhydrous chlorides can be made from the oxides with NH 4 CI: 


300 °C 

Sc 2 0, + 6NH 4 C1-► 2ScCli + 6NH 3 + 3H 2 0 


Anhydrous ScG 3 differs from A1G 3 as ScG 3 is monomeric whilst (A1CI 3 ) 2 
is dimeric. In addition ScCI 3 shows no Friedel —Crafts catalvtic properties. 

The salts generally resemble those of calcium, and the fluorides, 
carbonates, phosphates and oxalates are insoluble. 

The elements all react with hydrogen on heating to 300°C. forming 

highly conducting compounds of formula MH 2 . These do not contain M 2 *. 

but probably contain M w and 2H~. and have the extra electron in a 

conduction band. Except for Sc they can absorb more H- and lose their 

conducting power, forming compounds which are not quite stoichiometric 

but approach the composition MH,. The exact composition depends on the 

temperature and the pressure of the hydrogen. The hydrides react with 

water liberating hydrogen, and are salt-like (ionic) hydrides containing the 
hydride ion H e 


Scandium forms a carbide ScC ; when the oxide is heated with carbon in 
an electric furnace. The carbide reacts with water, liberating ethyne. 


- 2 ~, * --- ^ct_ 2 ^ c 2 H 2 + ScO OH 

At one time the carbide was thnnoh* A _ , 

Sc 2 * and (CSC) 2 ’. Magnetic meaSrVm , Sc( + ,l) ‘° 

g measurements suggest that it contains S 




ions and C?“ ions and the free electrons arc delocalized into a conduction 
band, thus giving some metallic conduction conduction 

COMPLEXES 

Despite the charge of +3. the metal ions in this group do not have a strong 
tendency to form complexes. This is because of their fairly large size Sc 34 
is the smallest ion in the group and forms complexes more readily than the 
other elements. These include [Sc(OH)„|'- and (ScF 6 |’-, both of which 
have a coordination number of 6 and are octahedral in shape. 

ScF^ + 3NH,F — 3NH; + |ScF 6 | 3 ‘ 

By far the most common donor atom in complexes is O, and complexes 
occur particularly with chelating ligands. Thus complexes arc formed with 
strong complexing agents such as oxalic acid, citric acid, acctylacctone and 
EDTA. The complexes of the larger metals Y and La often have higher 
coordination numbers than 6, and coordination number 8 is the most 
common. Thus (Sc(acetvlacetone)i) has a coordination number of 6 and is 
octahedral. Y(acetylacetoneMH 2 0)| has a coordination number of 7 and 
the structure is a capped trigonal prism. In [‘Lafacetylacetonch • (H 2 0) 2 ) 
the coordination number is 8 and the structure is a distorted square 
antiprism. In [La • EDTA • (H : 0) 4 ) • 3H 2 0 the EDTA forms four bonds 
from O atoms and two from N atoms, and the O atoms in the four water 
molecules all form bonds to La. giving a coordination number of 10. The 
ions NO^ and SO:" also act as bidentate ligands and form complexes with 

high coordination numbers. In (Sc(NOOs) / our ® r0U ? S o a [ C 

bidentate and one is unidentate giving a coordination number of 9. In 
[Y(NOOsl 2 ~ all five NO," groups are bidentate and the coordination 
number is 10. In La 2 (S0 4 ), • 9H 2 0 half of the La atoms are 12-coord.nate^ 
Lanthanum salts have been used as a biological <racer La appearsto 
replace Ca 24 in the conduction of nerve impulses along the axons 

cells, and also in structure in biological role may 

detected by electron spin res °^" ce J h .,. = , A Ca i = 1 . 00 A). 
arise because the ions are similar in siz ( 

further reading 

^ , / rh*ntL<tr\ of the Lanthanons, Yttrium, Thorium 

Callow, R.J. (1967) The Industrial C *] emlS ' K J 

and Uranium . Pergamon Press, w . Q ccurren ce, Chemistry, Physics 

Horovitz, C.T. (ed.) Academic Press, London. 

Metallurgy. Biology and Techno gy, coor dination chemistry of scandium, 
Melson, G.A. and Stotz. R.W. (1971) me 

Coordination Chem. Rev.. 7. 13 • Chemistry , Vol. 3 (Chapter 31: 

Vickery, R.C. (1973) Comp**** Oxtad. 

Scandium, yttrium, lanthanum). 8 
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Group 4 - 
the titanium group 


Table 20.1 Electronic str uctures and oxtdat.on statw 

Electronic htructure 
Element __ 


Titanium 
Zirconium 
Hafnium 


Ti 

Zr 

Hf 


[Ar] 3</ : 4 s 2 
(Krj 4 d 2 Ss; , 
fXe] 4 r$d 2 ft5" 


Oxidation states* 

(-1) (0) (II) III IV 
(II) (III) IV 
(II) (III) IV 


.. . tn^n^raitv the most abundant and stable) are 

narentheses. 


INTRODUCTION 

Titanium is a commercially important element. Vast quantities of Ti0 2 are 
used as a pigment and filler, and Ti metal is important for its strength, low 
density, and corrosion resistance. TiCI* is important as a Ziegler-Natta 
catalyst for making polythene and other polymers. Zirconium is used to 
make the cladding for fuel rods in water cooled nuclear reactors. Hafnium 
is used to make control rods for certain reactors. 


OCCURRENCE AND ABUNDANCE 

Ti is the ninth most abundant element by weight in the earth s crust. The 
main ores are ilmenite FeTiOj and rutile Ti0 2 . In 1992 world production 
was 7.8 million tonnes of ilmenite and 471000 tonnes of rutile. These had a 
Ti0 2 content of 4.1 million tonnes. The main producers are Canada 27%, 
ustra la 4 / 0 and Norway 9%. Zr is the eighteenth most abundant 
element, and is found mainly as zircon ZrSiO, and small amounts of 

innn«!n fan? uf • ° dc * P roc * u ction °f zirconium minerals was 808000 
the lanthaniHe V * fy s ‘ mi,ar in s *ze and properties to Zr because of 

ores I, i " rIT Thus Hf occurs to «»e extent of 1-2% in Zr 

than separating thelanthanWel 0 SCPara,e ^ “ nd Hf ' eVe " m ° rC diffiCU " 
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Table 20.2 Abundance of the elements in the 
earth's crust, by weight 


ppm 

6320 

162 

2.8 


Relative abundance 


extraction and uses 

Ti has been called ‘the wonder metal’ because of its unique and useful 
properties. It is very hard, high melting (1667°C) and is stronger and much 
lighter than steel (densities Ti = 4.4gem -3 , Fe = 7.87gcm 3 ). However, 
even traces of non-metal impurities, for example H, C, N or O, make Ti, 
and also the other two metals Zr and Hf, brittle. Ti has better corrosion 
resistance than stainless steel. It is a better conductor of heat and electricity 
than Group 3 (Sc group) metals. Ti metal and alloys of Ti with Al arc use 
extensively in the aircraft industry in jet and gas turbine engines, and in 
airframes. Supersonic aircraft like Concorde can use Al as the structural 


Table 20.3 Some physical properties 


Element 


Covalent 

radius 


1.32 

1.45 

1.44 


Ionic 

radius 

M 4+ 

(A) 

0.605 

0.72 

0.71 


Melting 

point 

(°C) 

1667 

1857 

2222 


Boiling 

point 


Density 


(°C) (gem -5 ) 


Pauling’s 

electro¬ 

negativity 


3285 

4200 

4450 


4.50 

6.51 
13.28 


skin (m.p. 660 "C) by limiting die speed 10 Mach 2.2 (22inmM ° f 

IT.’. p”S S “Xuno 

Si S MtSTJOTl P s,eei. 

Weld pTodlon of T, nil is .Imos, 50000 »»W- ^ j[id 

‘ - - TO -* 

heating it with C and CI 2 a* 900 

'r rk 4 . or + 2 Cb —► TiCI 4 + 

2 FeTi 03 + 6C + 7CI 2 - 2TiCI 4 + 6CO 4- 2FeCI 3 

TO. is a liquid (b.p. 

impurities by distillation. One o continued overleaf 
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* 


Kroll process 

C-rieinallv Wilhelm Kroll produced Ti by reducing TiCI 4 with Ca in an 
lleoric furnace Later Mg was used, and Imperial Metal Industries (IMI) 

temperature Tt is highly reactiue and reacts read,!, 

with air or N 2 . It is therefore necessary to perform the reac ion under an 
atmosphere of argon. 


TiCL, + 2Mg 


iooo-ii5irc 


, Ti + 2MgCI, 


The MgCl 2 formed can be removed by leaching with water, or better with 
dilute HC1 as this dissolves any excess Mg. Alternatively the MgCl 2 is 
removed by vacuum distillation. This leaves a sponge of Ti rather than a 
solid block. The Ti is converted to the massive form by melting in an 
electric arc under a high vacuum or an atmosphere of argon. The IMI 
process is almost the same. TiCl 4 is reduced by Na under an atmosphere of 
argon, and NaCl is leached out with water. The Ti is in the form of small 
granules. These can be fabricated into metal parts using ‘powder forming’ 
techniques and sintering in an inert atmosphere. The high fuel costs, the 
necessity to use argon, the cost of Mg or Na, and the need to reheat a 
second time all make Ti expensive. The high cost prevents its being more 
widely used. Zirconium is also produced by the Kroll process. 


The van Arkel—de Boer method 

Small amounts of very pure metal can be produced by this process. Impure 
Ti or Zr are heated in an evacuated vessel with I 2 . Til 4 or Zrl 4 is formed, 
and volatilizes (thus separating it from any impurities). At atmospheric 
pressure Til 4 melts at 150°C and boils at 377°C; Zrl 4 melts at 499°C and 
boils at 6()0 o C. Under reduced pressure, however, the boiling points are 
lower. The gaseous MI 4 is decomposed on a white hot tungsten filament. 
As more metal is deposited on the filament it conducts electricity better. 
Thus more electric current must be passed to keep it white hot. 


50-250 °C 

impure Tl -I- 2Ii- 



1400°C 


♦ Ti + 21 


2 


lungsicn 

filament 


Zr is produced on a much smaller scale than Ti. Zr is even more corrosion 
resistant than is Ti, and is used in chemical plants. Its most important use is 
to make the cladding (that is the casing) for UO, fuel in water cooled 
nuclear reactors. Its corrosion resistance, high melting point (1857°C) and 
low absorption of neutrons make it very suitable. (Of the metallic elements 
only Be and Mg have lower neutron absorption cross-sections than Zr. 
They are unsuitable for use as cladding as Be is brittle and Mg corrodes too 
easily.) Hf always occurs with Zr. Their chemical properties are almost 
identical, and for most purposes there is no need to separate them. How¬ 
ever, Hf absorbs neutrons very strongly, and Zr used for cladding must be 
free from Hf. 


The similarity in size of the ions makes separation exceedingly difficult. 
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I -pie same problem is encountered in separating the lanthanide elements 
(see Chapter 29). Zr and Hf are separated by solvent extraction of their 
nitrates into tri-n-butyl phosphate or thiocyanates into methylisobutvl 
ketone. Alternatively the elements can he separated bv ion exchange of an 
alcoholic solution of the tetrachlorides on silica gel columns. On eluting the 
column with an alcohol/HCI mixture, the Zr comes off first. 

Zr is also used to make alloys with steel, and a Zr'Nb alloy is an 
important superconductor. The very high absorption of thermal neutrons 
by Hf is turned to good use. Hf is used to make control rods for regulating 
the free neutron levels in the nuclear reactors used in submarines. 

OXIDATION STATES 

The most common and most stable oxidation state for all the elements 
is ( + 1V). Anhydrous compounds such as TiCI 4 are covalent and the 
molecules are tetrahedral in the gaseous state Most of the halides retain 
their tetrahedral structure in the solid. TiF 4 has the largest electro¬ 
negativity difference and is the most likely compound to be ionic. It is a 
volatile white powder, which sublimes at 284 °C - not behaviour typical of 
an ionic salt. Its crystal structure is a polymeric F bridged structure in 
which each Ti is octahedrally surrounded by six F atoms. 

In the oxidation state ( + 1V) the elements have a d". configuration with 
no unpaired electrons: hence their compounds are typically white or 

colourless and diamagnetic , Tk 

Ti J * ions do not exist in solution but oxoions are formed instead. e 
titanvl ion TiO 2 * is found in solution but il usually polymerizes in 

"Soxidafion state ( + 111) is reducing, and Ti’* ions are ^strongly 
reducing than Sn 2 *. They are reasonably stable and exist a 

solution. Since the M'* ions have a d' configuranon .hey have one 

unpaired electron and are paramagnetic. The magnetic ™merm of their 

compounds are close to the spin only value oN. 8 lransjtjon: 

only one d electron, there an d nearly all the 

hence there is only one band in the P 

compounds are a pale purpie-red colou^ reducing that it reduces 

The ( + 11) state ,s very unstable and ^ ^ ^ ^ ^ ^ ^ 
water. Thus few compounds are kn dipyridyl complexes 

state. The (0). (-1) and MD sla,eS ^Hrofuran and Li : (Tr "(d,py),|5 
|Ti"(dipy),).Li|Tr l (dipy)<|3.5 tptra disproportionate, 

tetrahydrofuran. The lower oxidation states 

2Tj m a , £2. Ti ,v Cla + t."ci 3 
2Ti"CI 2 — Ti |V Cl4 + Ti u 


mally from Ti to Zr, but Zr and Hf 
covalent and ionic radii increase n ° Hf does not show the expected 
ilmost identical in size. The reaso 
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• •. ,h a , between La and Hf the 4/ level is filled with the 14 

increase in size is that decrease in size from one lanthanide 

lanthanide e ' emen,s - overan decrease in size across the 14 elements is 
element to the next. . chapter 29). The decrease in size 

called the l “ n ' ha ''‘f e . C . contract j 0 n cancels out the expected size increase 
caused by th * la "! ha " . f Hf an d La are almost identical and they 
from Zr to Hf. S.n«sVruc.ure. their chemical properties are 
SLT SSZZSZi these two elements is difficult as noted 

, .r- ___ nn/4 IICPC 


REACTIVITY AND PASSIVE BEHAVIOUR 

The compact (massive) forms of the metals are unreactive or passive at low 
and moderate temperatures. This results from a thin impermeable oxide 
film which forms on the surface and prevents further attack. This is 
particularly effective with Ti. (Note, however, that the finely divided 
metals are pyrophoric.) At room temperature the metals are unaffected by 
either acids or alkali. However, Ti dissolves slowly in hot concentrated 
HCI, giving Ti 3 * and H 2 . Ti is oxidized by hot HN0 3 , giving the hydrated 
oxide Ti0 2 (H 2 0)„. Zr dissolves in hot concentrated H 2 S0 4 and aqua 
regia. The best solvent for all the metals is HF, because they form 
hexafluoro complexes. 

Ti + 6HF — H 2 [TiF 6 ] + 2H 2 

At about 450°C all three metals begin to react with many substances. At 
temperatures over 600°C they are highly reactive. They form oxides M0 2 , 
halides MX 4 . interstitial nitrides MN and interstitial carbides MC by direct 
combination. Like the scandium group, the powdered metals absorb H 2 . 
The amount absorbed depends on the temperature and pressure, and 
interstitial compounds are formed of limiting composition MH 2 . These 
interstitial hydrides are stable in air, and are unaffected by water. This is in 

contrast to the behaviour of the ionic hydrides of the scandium group and 
j-block elements. 


STANDARD REDUCTION POTENTIALS (VOLTS) 


Acid solution 



Oxidation state 



+IV +111 +|, 

+ 1 

0 

T j 0 2,+0-10 T j,+ ~ 0 - 37 Tj?+ 

-1.63 

~Ti 
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( + IV) STATE 
Oxides 

World production of TiO : was 4.1 million tonnes in 1992. More than half 
is used as a white pigment in paint, and as an opacifier to make coloured 
paint opaque. It has replaced the earlier pigments white lead (2PbC0 3 - 
Pb(OH) 2 ). BaS0 4 and CaS0 4 for this purpose. It has three advantages 
over Pb: it covers better, it is non-toxic, and it does not blacken if exposed 
to H 2 S. The other major uses of Ti0 2 are for whitening paper, and as a 
filler in plastics and rubber. Some is used for delustering and whitening 
nylon. 

Naturally occurring Ti0 2 is invariably coloured by impurities. There are 
two commercial processes for obtaining pure Ti0 2 , the older sulphate 
process and the more recent chloride process. In the chloride process rutile 
(Ti0 2 ) is heated with chlorine and coke at 9(X)°C, forming Ti.CI 4 . This is 
volatile and can thus be separated from any impurities. The TiCI 4 is heated 
with 0 2 at about 1200°C. forming pure Ti0 2 and Cl 2 . The chlorine is 
reused. 

TiO : + 2C + 2CI 2 — TiCI 4 + 2CO 
TiCl 4 + 20. — TiO : + 2CI 2 

In the sulphate process, ilmenite FeTiO^ is digested with concentrated 
H 2 S0 4 : Fe n S0 4 , Fc2 n (S0 4 h and titanyl sulphate TiO • S0 4 are formed as 
a sulphate cake. This latter is leached with water and any insoluble 
material is removed. Fe m in the solution is reduced to Fe 11 using scrap 
iron, and then FeS0 4 is crystallized out by vacuum evaporation and 
cooling. The TiOS0 4 solution is hydrolysed by boiling, and then the 
solution is seeded with rutile or anatase crystals as required. 

The crystal structures of the oxides suggest that they are ionic. However, 
the sum of the first four ionization energies is so high (8800kJ mol' 1 for 
Ti 4 ") that this seems improbable. Ti0 2 occurs in three different crystalline 
forms: rutile, anatase and brookite. Rutile is the most common: here each 
Ti is surrounded octahcdrally by six O atoms (see Chapter 3, under ‘Ionic 
compounds of the type AX : ’). The structures ol the other two forms are 
distorted octahedral arrangements. The oxides are insoluble in water. M 4 
ions do not exist in solution, but MO‘* ions are lormed, giving basic salts 
such as titanyl sulphate Ti0S0 4 . Either TiO 2 " ions or [Ti(OH) 2 ] 2 " are 
Present in solution, but in the solid they polymerize into oxygen bridged 
(MO) 2 " chains. The X-ray structure of TiO’S 0 4 shows that each Ti is 
surrounded octahedrally by six O atoms: two chain O atoms, O atoms from 
ihree SO^ groups and O from one H 2 0. 

In a similar way zirconyl ions ZrO 2 exist in solution, and they form 
P°lymeric species in crystals. Zirconyl nitrate Zr 0 (N 03) 2 forms an oxygen 
bridged chain structure similar to TiO • S0 4 . ZrO(NOi) 2 is soluble in water 
a nd dilute HNO„ and is used to remove phosphate in qualitative analysis. 
Otherwise it would interfere with the systematic analysis for metals. The 
Phosphates of Ti, Zr and Hf are all insoluble. 
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Figure 20.1 Polymeric (TiO)^ chain. 

TiO z , Zr0 2 and Hf0 2 are all very stable white solids, are non-volatile, 
and are rendered refractory by strong.ignition. On strong heating Zr0 2 
becomes very hard and its high melting point of 2700 C and its resistance 
to chemical attack make it useful for making high temperature crucibles 
and furnace linings. Fibres of Zr0 2 are made commercially and are 
similar to those of A1 2 0 3 described in Chapter 12. If the solids have been 
prepared dry, or have been heated, they do not react with acids. If they 
are prepared in solution, for example by hydrolysing TiCl 4 , the oxide 
dissolves in HC1, HF and H 2 S0 4 , forming complexes [TiCl 6 ] 2 ~; [TiF 6 ] 2 ~ 
or [Ti(S0 4 ) 3 ] 2 - 

The basic properties of the oxides increase with atomic number: Ti0 2 is 
amphoteric, and Zr0 2 and Hf0 2 are increasingly basic. Ti0 2 dissolves in 
both bases and acids, forming titanates and titanyl compounds: 

^ __ cone H.SO* _ ... cone NaOH __ _ 

TiO • S0 4 «-Ti0 2 • (H 2 0)„-► Na 2 Ti0 3 • (H 2 0)„ 

ntanyl sulphate sodium tit.in.ilc 

Ti(OH) 4 is not known because it dehydrates to give the hydrated oxide. 
Mixed oxides 

If the oxides Ti0 2 , Zr0 2 or Hf0 2 are fused (at temperatures of 1000- 
2500 °C) with the appropriate quantities of other metal oxides, titanates, 
zirconates and hafnates are formed. These are mixed oxides, and typically 
do not contain discrete ions. Thus anhydrous sodium titanate Na 2 Ti0 3 can 
be made by fusing Ti0 2 with Na 2 0, .Na 2 C0 3 or NaOH. Reduction of 
Na 2 Ti0 3 with H 2 at high temperatures gives titanium bronzes, which are 
nonstoichiometric materials of formula Nao 2 _o 2s TiO,. These have a high 
electrical conductivity, and have a blue-black metal-like appearance, and 
are similar to the tungsten bronzes. Calcium titanate CaTi0 3 occurs 

naturally as perovskite, and ilmenite (iron titanate) Fe n Ti0 3 provides the 
largest source of Ti. r 

The ilmenite structure consists of a lattice of hexagonal close-packed O 
atoms, with Ti atoms occupying one third of the octahedral sites, and Fe 
t h the other metal) occupying another one third of the octahedral sites. 

ThP !I!Z ‘ S r d Whe " thC ° ,her me,al is about ,he same size as Ti - 

^ : l e T 35 Coru 4 n + dum a > 20 3 , except that corundum has 

two AI ions rather than one Ti 4+ and one Fe 2+ 

(Fieure^o'^is fonned^Th^ appreciab| y ' n size the perovskite structure 

number of 12) with Ti occupying one 



Ftfarr 20.2 Perovskite structure. 


quarter of the octahedral holes. The holes occupied are those bounded 
completely by O atoms, thus keeping Ca and Ti as far apart as possible. 

BaTiCh has a perovskite structure. The Ba‘~ ion is too large to fit into 
the close-packed oxide lattice without expanding it. This increases the size 
of the octahedral holes, so that Ti can ‘rattle* in its octahedral hole. In an 
electric field the Ti atoms are drawn to one side of the hole, thus causing 
some polarization and making the crystal strongly ferroelectric. It is also 
piezoelectric (pressure produces an electric current, and vice versa). This 
makes it useful as a transducer for crystals in gramophone pickups and 
microphones, and for ceramic capacitors and other electronic uses. 

Other titanates have the formula Mi'TiO.*, where M may be Mg, Mn, 
Fe, Co or Zn. MgpTiO* has a spinel structure (like MgAI 2 0 4 ). The oxide 
ions form a cubic close-packed array and the Mg ions occupy one half of 
the octahedral holes and Ti occupies one eighth of the tetrahedral holes. 
Thus these compounds contain discrete (TiO a ) 4 ions. 

Peroxides 

A characteristic property of Ti(IV) solutions is that they form an intense 
yellow-orange colour on addition of H 2 0 2 . This reaction can be used for 
the colorimetric determination of either TifIV) or H 2 0 2 . The colour is 
thought to be due to the formation of a peroxo complex. Below pH 1 the 
main species is [Ti(O r ) • OH • (H 2 0)J # . m which the peroxo group is 
bidentate. 


Halides 

TiCl, is the best known halide and is made commerc.ally by passing Cl 2 
over heated TiOj and C The other halides MX. can be made in a s,m, ar 
*»y. To avoid handling F.. the fluorides can be prepare r >m 4 
reaction with anhydrous HF. 

TiCli ♦ 4HF TiF 4 + 4 HCI 

TI.* iodides can also be made by healing the halogensandmela^Tliey are 

tr.: ■ 
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white solid. In the gaseous state, all the halides are tetrahedral, but in th e 
solid zig-zag chains of MX* octahedra exist. The halides are all hydrolysed 
vigorously by water, and fume in moist air. giving TiO : . though hydrolysis 
with aqueous HCI gives the oxochlonde TiOCL. 

TiCI 4 + 2H 2 0-* Ti0 2 (H 2 0) n + 4HCI 


TiCI 4 + H 2 0-^ TiOCU + -HCI 

The fluorides are more stable than the other halides. 

The tetrahalides act as Lewis acids (electron pair acceptors) with a wide 
variety of donors, forming a large number of octahedral complexes. 


cone cr |2- 

T1F4 -* [TlF*J >ublc 

conc t-rn 12- 

T1CI4 -* [TlCI*| very unstable 

Other ligands include phosphines R*P. arsines R*As, oxygen donors R 2 0. 
and nitrogen donors such as pyridine, ammonia and tnmethylamine. The 
complexes formed have the formula [ nX 4 • L 2 ] and are octahedral. In most 
cases the added ligands are as to each other. 

Other coordination numbers are found in complexes. A few unusual 
five-coordinate complexes exist such as Et 4 N(Ti ,v CL)~ and [TiC 1 4 • AsHi|. 
A few seven-coordinate complexes are known: Na^ZrF?) and Na 7 |HfF 7 ]. 
These have a pentagonal bipvramidal shape like IF 7 . However, the 
structure of (NH 4 ) 3 [ZrF 7 ) is a capped trigonal prism: the Zr is at the centre 
of a trigonal prism of six F atoms, w ith an extra F in the middle of one face 
Another unusual compound is Ti(NCL) 4 . The NCK groups are bidentate. 
that is two O atoms from each NCK are bonded to Ti. Thus the 
coordination number of Ti is 8. and the shape is a nearly regular triangu¬ 
lated dodecahedron called a bisdisphenoid. Na 4 [ZrF H ) and Na 4 [HfF«| also 
have a bisdisphenoid configuration. However, in [Cu(H : 0)*)5'[ZrF«| 4 ‘ 
the Zr is eight-coordinate but has a square antiprism structure. (This may 
be visualized as a cube in which the top face has been rotated 45°.) The 
structures of the seven- and eight-coordinate complexes are given in Figure 
20.3. 


( + III) STATE 

All the ( + III) compounds have a d l configuration and are coloured and 
paramagnetic. Ti(111) is much more basic than Ti(IV), and the addition of 
alkali to Ti solutions precipitates Ti 2 CK • (H'0)„. which is purple in 
colour, and insoluble in excess alkali 

The halides TiX\ are readily formed by reducing T1X4 compounds. Thus 
anhydrous TiLL can be obtained as a violet powder by reducing TiCl 4 with 
H 2 at 600 C. TiCL is important as the Ziegler-Natta catalyst (see later). 
Reduction of aqueous solutions containing Ti( + IV) with Zn gives the 
purple aqua ion (Ti(H 2 0)*p\ This is a powerful reducing agent, and is 
more powerful than Sn . It is oxidized directly by air. and must be kept 
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(a) (ZrF,) 3 ' ion in Na 3 [ZrF,] 
pentagonal bipyramid 


(c) (ZrFeJ 4- ion in 
(Cu(H 2 0) 6 ] 2 2+ [ZrF e } 4 - square 
antiprism (like a cube with the 
top face rotated 45°) 


(b) [ZrF 7 ] 3 ~ ion in 
(NH 4 ) 3 (2rF 7 ] tngonal prism 
with an extra atom in the middlt 
of a rectangular face 



(d) (ZrF e ) 4 " ion in Na 4 (ZrF a J 
bisdisphenoid 



Figure 20.3 Structures of some fluoride complexes. 
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out of direct sunlight. There are two different hydrated forms of Ti n, CI 3 . 
These have different colours. In one complex the Ti 111 is surrounded by six 
H 2 0 molecules, [Ti(H 2 0) 6 ] 3+ 3CI", and in the other it is surrounded by 
five H 2 0 molecules and one Cl - , giving [TiCI(H 2 0)5] 2 * 2CI . These two 
environments give rise to a different degree of crystal field splitting of the d 
levels: hence the energy jump for the single d electron is different in the 

two cases, and their colours are different. 

Ti 3+ is used in volumetric analysis for the determination of Fe and also 
0r ganic nitro compounds. In the iron titration the end point may be 
detected with ammonium thiocyanate which remains red whilst any Fe is 
present, or by methylene blue which is reduced and decolorized as soon as 

Ti * is in excess. 


T.CI 

Ti 


650*C 


TiCI 3 

Violet 


Hot HCI 


H ? 0 

' |Ti(HjOy 3, CI 3 ' 
Violet 

Disproportionate 
on heating 


; 

[Ti(H 2 0) 5 CI) 2 *Cl2 

Green 



and 

TiCl 


4 


2 
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FeCI, + TiCl, + H : 0 — FeCI : + TiO • Cl 2 + 2HCI 
R N0 2 + 6Ti 3 * + 4H 2 0 —» R NH 2 + 6Ti0 2 * + 6H* 


A wide variety of complexes are formed, for example |Ti ,M F |'- 
(Ti ,n cm 1_ . |Ti ,M CI 5 H 2 0|-'. [TiBrv (dipyridyl),], and [TiBr, - 
(dipyridyl) 2 |^ [TiBr 4 • dipyridyl) . 

Zr(lll) and Hf(lll) are unstable in water, and exist only as solid 
compounds. 


ORGANOMETALLIC COMPOUNDS 
Ziegler-Natta catalysts 

Solutions of AIEtj and TiCI 4 in a hydrocarbon solvent react exothermically 
to form a brown solid. This is the important Ziegler-Natta catalyst for 
polymerizing ethene (ethylene) to form polythene. Ziegler and Natta were 
awarded the Nobel Prize for Chemistry in 1963 for this work. (See also 
Chapter 12.) (Similar catalytic activity has been found from mixtures of Li, 
Be or Al alkyls with halides from Groups 4, 5 and 6, the Ti, V and Cr 
groups. 

The AIEtj/TiCI 4 catalyst is of great commercial importance. It produces 
stereoregular polymers (that is polymers where the molecules have the 
same orientation). These are stronger and have higher melting points than 
atactic or random polymers. Practically any alkene can be polymerized. 

A large amount of work has been directed to how the catalyst works. 
The active species is Ti m , and the AIEt, can reduce TiCI 4 to TiCl 3 in situ, 
or TiCL may be added instead. Then one of the Cl atoms is replaced by an 
ethyl group. A possible mechanism is that the double bond in ethene 
attaches itself to a vacant site on a Ti atom on the surface of the catalyst. A 
carbon shift reaction occurs, and the ethene migrates and is inserted 
between Ti and C in the 7i—Et bond. This extends the C chain from two 
to four atoms, leaving a vacant site on Ti. The process is repeated, and the 
C chain grows in length. A similar reaction occurs with other alkenes such 
as propylene CHj CH=CHi. When the double bond attaches to Ti the 
CHi group must always point away from the surface simply because the 
reaction occurs on a surface. Thus when the molecule migrates and is 
inserted into the Ti C bond it always has the same orientation. This is 
called cis insertion of the alkene, and explains why the polymers produced 
are stereoregular. 

Polymerization of ethene was originally carried out using a high tem¬ 
perature and pressure. By using a Ziegler-Natta catalyst polymerization 
can be carried out under relatively mild conditions from room temperature 
to 93 °C, and from atmospheric pressure to 100 atmospheres. Eventually 
the product is hydrolysed with water or alcohol and the catalyst is 
removed. The polymer produced is tailed high-density polythene and has a 
density 0.95 - 0.97gem and a melting point of 135°C. It has a molecular 
weight of 20000- 30000, and consists of straight chains with very little 
branching. This form of polythene is relatively hard and stiff. Another 







Figure 20.4 Suggested polymerization with a Ziegler-Natta catalyst. 


form of polythene called low-density polythene is much softer and has a 
lower density, 0.91-0.94 gem - ', and a lower melting point of about 
115°C. This consists of much branched chains, and is produced by a free 
radical polymerization of ethene and a promoter under much more severe 
conditions (1°0-210°C and 1500 atmospheres pressure). Production of all 
forms of polythene was 24.6 million tonnes, and of polypropylene 12 
million tonnes, both in 1991. 


Other compounds 


No stable carbonyl compounds are known. Ti(CO)f, has been formed using 
the matrix isolation technique by condensing Ti vapour and CO in a solid 
matrix of inert gas at very low temperatures. It has been studied spectro¬ 
scopically. The absence of carbonyls is probably due to the shortage of d 


electrons for back bonding. 

Cyclopentadienyl compounds are much more stable ar\d better known. 
In describing organometallic compounds it is convenient to describe the 
hapticity n of a group as the number of C atoms associated with the metal. 


l Ures are roughly, tetrahedral, but the cyclopentadienyl molecules are 
Pentahaptic, that is five C atoms in each ring are attached to Ti. Reduction 
? f . these compounds gives |Ti(C,H ,) 2 • X) or [Ti(C 5 H 5 ) 2 ]. The tatttr 
formula resembles ferrocene (Fe(C,H,) 2 ). but the structure of the T. 
c °mpound is dimeric, and hence is different. 


f 
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rounds such as Ti(C 5 H5) 4 can be made 

Tetra(cyclopentadienyl) c °^ ormula ma y be writter. [Ti(Ti 5 -C 5 H 5 ) 1 

from TiCU and NaQH, rv ‘ loDen tadienyl rings are attached by five c 
(tl'-CsHsJr). where two eye* V* attache d by one C atom (o bonded), 
atoms (n bonded) and two r,ng dies 0 n these tetra(cyclopentadienyl) 
Nuclear magnetic resonance i rings the C bonded to Ti continually 
compounds suggest that in interchange their roles. Hf forms an 

changes, and also the n « rising |y the Zr compound has three t, 5 

identical compound, but ratner 

rings and only one n nng _ known and they are generally unstable in 
Only a few alkyls an ‘? a '7 1 Q) C H 3 TiCI 3 and Ti(CH 2 • Ph) 4 are stable 
air and water. below -20°C. Most compounds with an 
at 10°C, and Ti(CH 3 )4 nolvmerize a'kenes. 

alkyl group attached to T P y n(Js are able t0 fix n 2 gas and produce 
Some organometallic Ti P° cyc j e could be similar to the 

« D “ r '5?r 

under ruthenium(II) complexes in Chapter 24.) 


^.Ti' V (OR| 4 ♦ 2N.-- Ti (OR), + 2 RONa 

/ Ti M (OR), +Nj [TilOm^ln 

\|T,<0R) 2 N A .4 Na'li^^jOR^ ♦ 4R0 N. + 2NH 3 


Figure 20.5 Cycle for fixation of dinitrogen. 
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Element 


Electronic structure 

Oxidation states* 

Vanadium 

V 

(Ar] 3 d* 4$ 2 

(-D (0)(i) (ii) in iv v 

Niobium 

Nb 

[Kr] Ad* 55 2 

(-1) (0) (i)(ii) in (iv) v 

Tantalum 

Ta 

[Xe| 4/ 14 5d* fir 2 

(-D(O) 0)01)01 (iv) v 


• The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Olher well-characterized but less important states are shown 
in normal type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 


INTRODUCTION 

Vanadium is commercially important as the alloy ferrovanadium wnich is 
used to make alloy steels V 2 0< is well known and is an important catalyst, 
and V metal is also used as a catalyst. The vanadates have an extensive 
solution chemistry. Niobium and tantalum are only use in sma 
quantities. However, there is great theoretical interest in the cluster 
compounds they form in their low oxidation states. 


ABUNDANCE, EXTRACTION AND USES 

V. Nb and Ta have odd atomic numbers and are less abundant than their 

neighbours. However. V is the nineteenth most abundant dement by 

. .. . • ic rhe fifth most abundant transition 

weight m the earths crusty andI , the h t m ^ $ 

element. It is widely spread, and there a • , d 

Much is obtained as a by-product from other processes^ It occurs in 
ores as vanadinite PbCI 2 ■ 3Pb,(V0 4 ),. m uranium ores as carnon.e 
K:(U0 :): (V0 4 ) 2 -3H 2 0 and in some crude^mMrt ^ ^ ^ ^ 

Canada^ Vanadate residues are hea d J eached out with wa(er . 

The sodium vanadate NaV0 .\*° ™ d coloured sodium polyvanadate, 
acidified with H 2 SC>4 to Pf ec, PJ. , Thj j b | ack , possibly because of 

and heated to 700T to give V 2 Ov (This is conlinuel i 0 „rl f af 
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GROUP 5 - THE VA NADIUM GRO UP---- 


imDuritics usually V 2 Os is red or orange.) Over 75% of the V 2 0 5 is 
converted to an iron/vanadium alloy called ferrovanadtum. This contains 
about 50% Fe. It is made by heating V 2 0, w.th iron or iron ox.de and 
a reducing agent such as C, Al or ferros.l.con, Ferrovanad.um is used 
commercially .o make steel alloys for springs and h.gh speed cutting tools. 
Vanadium metal is seldom used on its own t is difficult o prepare because 
at the elevated temperatures used in metallurgy ,t reacts with 0 : N. and 
C Pure vanadium can be obtained by reducing VCI, with H or Mg. by 
reducing V 2 0, with Ca, or by electrolysing a fused halide complex. World 
production of V in alloys and pure metal was 28400 tonnes in 1992. 

V 2 O s is extremely important as the catalyst in the conversion of SO. into 
SO, in the Contact process for making H 2 SQ 4 . It has replaced Pt as catalyst 


Table 21.2 Abundance of the elements in the 
earth's crust, by weight 



ppm 

Relative abundance 

V 

136 

19 

Nb 

20 

32 

Ta 

1.7 

53 


because it is much cheaper, and is less susceptible to poisoning by 
impurities such as arsenic. Vanadium is an important catalyst in oxidation 
reactions such as naphthalene —► phthalic acid, and toluene —► benzal- 
dehyde. A Cu/V alloy is used as a catalyst in the oxidation of cyclohexanol/ 
cyclohexanone mixtures to adipic acid. (Adipic acid is used to make nylon- 
66.) Vanadium is also used as a catalyst for the reduction (hydrogenation) 
of alkenes and aromatic hydrocarbons. 

Niobium and tantalum occur together. The most important mineral 
is pyrochlorite CaNaNb 2 0 6 F. Much smaller amounts of columbite 
(Fe,Mn)Nb 2 O h and tantalite (Fe.Mn)Ta 2 0* are also mined. However, 
60% of Ta is recovered from the slag from extracting Sn. The ores are 
dissolved either by fusion with alkali or in acid. Formerly separation of Nb 
and Ta was achieved by treatment with a solution of HF, when Nb formed 
soluble K 2 [NbOFs] and Ta formed insoluble K 2 [TaF 7 ]. Separation is now 
performed by solvent extraction from dilute HF to methyl isobutyl ketone. 
The metals are obtained either by reducing the pentoxides with Na. or by 
electrolysis of molten fluoro complexes such as K 2 [NbF 7 ]. In 1992, world 
production was 15200 tonnes of Nb and 600 tonnes of Ta. 

Nb is used in various stainless steels, and Nb/steel is used to encapsulate 
the fuel elements for some nuclear reactors. A Nb/Zr alloy is a super¬ 
conductor at low temperatures, and is used to make wire for very powerful 
electromagnets. Ta is used to make Capacitors for the electronics industry- 
Because it is not rejected by the human body it is valuable for making 
metal plates, screws and wire for repairing badly fractured bones. Tantalum 
carbide TaC is one of the highest melting solids known (about 3800 °C). 


i 
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general properties 


OXIDATION STATES 

The maximum oxidation state for thk . 

Show the full range of oxidation states from^'In^ / V' ,hree elemen,s 
the (+H) and (+111) states arc reducine < +^vt '°. ( , +V) ' For vanadium 
oxidizing. For Nb and Ta the (+ V) . ' S s,able - and (+ V) slightly 

bes ' k "™ n - al < hou flower oxidation states ^known™ S ' ab ‘ e ' he 
V(+V) is reduced by zinc and acid to V' + wL\?,T j 
but Ta(+V) is not reduced. This i||u Stra L * red “ Ced ,0 Nb 

(+V) state on descending the group. At the lncrcas ' n S stability of the 

states become less stable This is ih * « a,ne * ,me ,be * ower ox >dation 
gr 0 U ps. S “ lhe °PP° s " e 'rend to that in the main 


SIZE 

arC k Sn l al ! er ,han those of Group 4 due to the poor shielding 
of the nucleus by d electrons. The covalent and ionic radii of Nb and Ta are 

identical because of the lanthanide contraction (Table 21.3). Consequently 

these two elements have very similar properties, occur together, and are 
very difficult to separate. 


GENERAL PROPERTIES 

V, Nb and Ta are silvery coloured metals with high melting points. V has 
the highest melting point in the first row transition elements. This is 
associated with the maximum participation of d electrons in metallic 
bonding. The melting points of Nb and Ta are high, but the maximum 
melting point in the second and third row transition elements occurs in the 
next group (Group 6) with Mo and W. 

The pure metals V., Nb and Ta are moderately soft and ductile, but 
traces of impurities make them harder and brittle. They are extremely 
resistant to corrosion due to the formation of a surface film of oxide. At 
room temperature they are not affected by air, water or acids, other than 
HF with which they form complexes. V also dissolves in oxidizing acids 
such as hot concentrated H 2 S0 4 , HNO, and aqua regia. V is unaffected by 
alkali, showing that it is completely basic, but Nb and Ta dissolve in fused 
alkali. 


Table 21.3 Some physical properties 



Covalent 

radius 

(A) 

Ionic radius (A) 

Melting 

point 

(°C) 

Boiling 

point 

(°C) 

Density 

(gem"') 

Pauling's 

electro- 

negativity 


M v 

V 

1.22 

0 79 

0.640 

1915 

3350 

6.11 

1.6 

Nb 

1 34 


0.72 

2468 

4758 

8.57 

1.6 

Ta 

1.34 


0.72 

2980 

5534 

16.65 

1.5 



GROUP 5 - THE VANADIUM GROUP_ 


At high temperatures all three metals react with many non-metals. The 
products are often interstitial compounds which are non stoichiometric 

V forms many different positive ions, but Nb and Ta form virtually none 
Thus though Nb and Ta are metals, their compounds in the (+V) state are 
mostly covalent, volatile, and readily hydrolysed - properties associated 
with non-metals. 

The tendency to form simple ionic compounds decreases as the oxidation 
state increases. Even though V 2 * and V 3 * are reducing, they exist both in 
the solid and in solution (as hexahydrate ions). They have an extensive 
aqueous chemistry. The oxidation state ( + IV) is dominated by the VO 2 * 
ion. This is very stable and exists in a wide range of compounds both as 
solids and in solution (as the hydrated ion). Some covalent ( + IV) com¬ 
pounds such as VCI 4 also exist. The ( + V) state may be covalent as in VF 
or form VOJ or VO} - hydrated ions. The chemistry of Nb and Ta 4s 
largely confined to the ( + V) state. 

The basic properties of the oxides M 2 0< increase down the group. V 2 0, 
is amphoteric but mainly acidic. It dissolves slightly in water, giving a pale 
yellow acidic solution. It dissolves readily in NaOH, forming colourless 
solutions which contain a wide range of vanadate ions. The ions formed 
depend on the pH: various isopolyvanadates at intermediate pH and 
orthovanadate VO4 at high pH. The aqueous chemistry of the poly¬ 
merized vanadates is quite complex. V 2 0 5 also dissolves slightly in con¬ 
centrated H 2 S0 4 , forming the pale yellow V0 2 ion. Nb 2 O s and Ta 2 0, are 
rather unreactive but are amphoteric. They have only very weak acidic 
properties. Niobates and tantalates are only formed by fusing with NaOH 

They are decomposed by weak acids or C0 2 . and only partially imitate the 
behaviour of the isopolyvanadates. 

Wh'lst V- and V-; are well known. Nb(II), Ta(II), Nb(III) and Ta(III) 

'IT*,'*™ f ClUS ' er com P° unds M*Xi2. in which groups of 

metal atoms are bonded together. 6 ^ 


COLOUR 

electronic transhlons T*' T P ° UndS COmmonl V arises from d-d 

Chapter 3) and Tom cha"" £ItT * f “ 

discussed under Snl 4 in Chapter 13 I !^ Ctra : (Char 6 c ,ransfer SpeC,ra “* 
coloured because they have an in™ T H , xidatl0n SI - ,es below (+V) are 

spectra. However, the (+V) state h"s adV ° f e ' eQXt0t]S and give d ~ d 
compounds would be expected NKP t it configuration and so colourless 
« red or oreege. 

coloured. The colour, „(«. ^ * nd NW > is 

COMrOUNDS WITH NITROGEN. CARBON AND HYDROGEN 
£n k *" h N - ... 

• f0rm,ng ,wo ser '« of carbides MC and MC,. Carbides 



HALIDES 



such as NbC and TaC are interstitial, refractory and very hard like TiC 
and H fC in .heprevjousgroup. TaC has the highest melting point of a^ 
compound, about 3800 C. In contrast, carbides such as VC 2 are ionic and 
react with water, liberating ethyne. 


All three elements react with H 2 on heating, forming nonstoichiometric 
hydrides. The amount of hydrogen absorbed depends on the temperature 
and pressure. Here, as in the titanium group, the metal lattice expands as 
hvdrogen enters interstitial positions. Thus the density of the hydride is less 
than that of the metal. It is difficult to decide if these are true compounds 
or solid solutions, as the maximum hydrogen contents are VH 0 7I , NbH 0 « 6 
and TaHo 76- 


] 
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HALIDES 

When V is heated with the halogens, halides of different oxidation states 
are formed: VFs, VC1 4 , VBr* and VIj. Nb and Ta react with all of the 
halogens on heating to give pentahalides MX V The range of halides which 
have been formed is summarized in Table 21.4. All the halides are volatile, 
covalent and hydrolysed by water. 


Table 21.4 Halides 

Oxidation states 

(+11) ( + 111) ( + IV) ( +V) 


VF : blue 

VF X 

vcllow-grcen 

VCI’ pale green 

VCIj 

red-violet 

VBr : orange-brown 

VBn 

brown 

V|, red-violct 

VI, 

black-brown 

- 

(NbFO 

•blue 

- 

NbCIt 

black 

- 

NbBr* 

brown 

- 

Nbl, 


- 

(TaF,) 

•blue 

- 

TaCI, 

black 

- 

TaBr < 



VF 4 green 

VF* colourless 

VCI 4 reddish brown 

(liquid) 

VBr 4 magenta 


NbF 4 black 

NbF, white 

NbCI 4 violet 

NbCI 5 yellow 

NbBr 4 brown 

NbBr, orange 

Nbl 4 grey 

Nbl, brass 

_ 

TaF, white 

TaCI 4 black 

TaCls white 

TaBr 4 blue 

T«Br, yellow 

Tal 4 

Til, black 


The most stable oxidation states are shown in bold. 
* may be oxide fluorides. 


(+V) halides 

v forms only a pentafluoride. but Nb and Ta form 

These may be formed by direct reaction of the elements or by the reacnons 


MtO< + F 2 —► MF< 


NbCl* or TaCI* + F 2 -> MF A 


2VF 4 


hem ftoo*c • + yp^ NbCIs or TaCl* + HF MF 5 


disprnporltnnaies 


^VKKBiB flSaag —■m 
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Figure 21.1 Tetrameric structure of NbF 5 and TaF 5 . 


VF 5 is a colourless liquid, but the other pentahalides are solids. They adopt 
several different structures. The fluorides are built of octahedral MF ft units 
with two cis fluorine atoms in each octahedron acting as bridging groups 
V—F—V with other octahedra. VF 5 forms long chains of octahedra in this 
way, but NbF 5 and TaF 5 form cyclic tetramers with four octahedra joined 
in this way (Figure 21.1). 

This structure is also found in other pentahalides, e.g. MoF 5 , RuF s and 
OsF v Solid NbCl 5 and TaCl 5 are dimeric with two octahedra joined by 
sharing two corners, i.e. one edge (Figure 21.2). 

All of the pentahalides can be sublimed under an atmosphere of the 
appropriate halogen. In the vapour phase they probably exist as mono¬ 
meric trigonal bipyramids. 

The pentafluorides all react with F~ ions, forming octahedral [MF 6 ]~ 
complexes. As iii Group 4, the heavier elements can form complexes 
with higher coordination numbers. With high concentrations of F" the 
complexes (NbOFj] 2- , [NbF 7 ] 2 ~ and [TaF 7 ) 2_ are formed. The structures 
of the seven-coordinate species are capped trigonal prisms, i.e. a trigonal 
prism with one extra atom in a rectangular face (see Figure 20.3b). With 
an even higher concentration of F“, Ta forms [TaF g ] 3- with a square 
antiprism structure (Figure 20.3c) while Nb forms [NbOF 6 ] 3 ' which is an 
octahedron with an extra atom in one of the faces. This inability of Ta to 
form oxohalides has been used to separate Nb and Ta. 

On warming the halides MF S and MCI 5 with donors such as dimethyl 
ether (CH ,) 2 0 or dimethyl sulphoxide (CH 3 ) : SO, the halides extract 0 
an form oxochlorides MOC 1 ,. Oxohalides are also formed when the 
pentahalides are heated in air. VOCI 3 can also be made by heating 

, 2 , 5 , Wlt . 2 ^ or somet * mes C and Cl 2 ). The oxohalides are all readily 

hydrolysed by water to the hydrated pentoxide. The oxohalides are 
tetrahedral in shape. 


MKn c £. e " tal I^ aCl Wlth N2 °* in 8 » v >ng solvated nitrates such as 
N ^? 2 ' N ° 3 '° ^ MeCN - and anhydrous nitrates such as NbO(NOj)). 
The (+V) halides have a d° configuration, and cannot give d-d spectra. 

The fluorides are white but the other halides are coloured due to charge 
transfer spectra. 
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Figure 21.2 Dimeric structure of NbCl 5 . 


(+IV) halides 

All the tetrahalides are known except TaF 4 . These may be prepared as 
follows: 

V + Cl 2 — VCI, NbX 5 or Tax, — - c . wl, . h . MX. 

Hj. Al. Nb or Ta 

V + HF -► VF 4 

VC1 4 is tetrahedral in the gas. The d 1 configuration of V( + IV) would be 
expected to make this unstable and to cause distortion..In the liquid it is 
dimeric. NbF 4 is a black, paramagnetic involatile solid made up of regular 
octahedra joined in a chain by their edges. The tetrachlorides, tetra- 
bromides and tetraiodides of Nb and Ta are also brown-black solids and 
are diamagnetic. This suggests extensive metal-metal interaction. In NbU, 
the structure is a chain of octahedra joined by their edges. The Nb atoms 
are displaced from the centre of the Nbl ft octahedron and occur in pairs, 
thus permitting weak Nb—Nb bonds of length 3.20 A, and pairing the* 
previously unpaired electron spins (Figure 21.3). NbCl 4 is similar and has 
M —M bonds of length 3.06 A. 

The tetrahalides tend to disproportionate: 

2VC1 4 r °° m tcmpcfaturc t 2 VCI 3 + Cl 2 (VCI 5 does not exist) 



*«*•« 21.3 Polymeric structure of Nbl 4 , with metal-metal bond*. 
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«»*C . .,r: 

2VF 4 -* VFi + VF 5 

2TaCI 4 ^-» TaCI, + TaCU 
They also hydrolyse with water: 

VCU ^ VOCI 2 

4Ta iv c , 4 ^*2, Ta^O, + 2Ta lll Cli + 10HCI 


( + 111) halides 

All the trihalides are known except for Tal 3 . They are reducing, have a d 2 
configuration, and are brown or black in colour. The VX 3 compounds are 
all polymeric compounds in which V is octahedrally surrounded. VCl 3 and 
VBr 3 can be made from the elements, and VF 3 is made from VCl 3 and HF 
VFi can be crystallized from water, giving [VF 3 • (H 2 0) 3 ], and, for the 
other halides. [V(H 2 0) 6 ) 3+ and three X" ions. VC1 3 forms complexes such 
as VCI 3 • (NMe 3 ) 2 , which has a trigonal bipyramid shape. VI 3 dispro- 
portionates as follows: 

VI 3 — VI 2 + VI 4 


Spectra 

The V- ion has a d 2 configuration. The two d electrons occupy two of the 

'?* orb,tals - , e - a "y ,wo from d d„. and d„. The ground state is triply 
degenerate and has the symbol ’T lg (F). At first sight it might be expected 
that by promoting these electrons to the e f level two d-d absorption 
bands would occur in the electronic spectrum. Under suitable conditions 
' ' . and * "* observed If one electron is promoted from the r 2g level to 
enercv wdl he" T m ,T SUble arran 8 eme nt (i.e. that with the lowest 

possible, i e. at*righfangles to each otheT S’* “' f “ ^ “ 

d orbital »h#> ctr, a . v 1 other. Thus if one electron occupies the 

o«uo ed he d nZ T T bC m ° re S,able if lhe o«her electror 
Sera,l lvs oft' "“"j: ,han ,he orbital. There are three 
to each other: n8mg ' tW ° elec,rons in orbitals perpendicula 

( d x>Y(d x ; y: )' (d„)'(d ;! )' and (d v .)'(</,,)' 

degenerate state written as^ttn wh^h^ ' n . ener 8y is another tripl 
each other: :k: or hitals occupied are at 45° t 

(d xy ) (d x i yi ) (d xz Y(d : :Y and {d yz Y(d z zY 

If both electrons are promoted m . « . 

unpaired the only arrangement potble is ‘ hey fema 
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(d^y (<*,:)' 

This state has the symbol 3 A 2g . Thus there are three possible transitions 
from the ground state to excited states with the same multiplicity: 

% (F) - y T 2g 
y T\ g (F) ^ 3 r, g w 

and 'T\ g (F)—**A 2 g 

Thus three bands are possible. (See Chapter 32, particularly Figure 32.16). 
In the spectrum of [V(H 2 0) 6 ] 3+ only two bands are actually observed, at 
about 17000cm -1 and 24000cm -3 . The third band arising from the 
transition to \A 2g is not observed experimentally. Since this transition is a 
two electron transition it is less probable than the others and so will have a 
low intensity. Furthermore this band overlaps, and is hidden by, the very 
intense charge transfer band in the UV region. All three bands are 
observed when V 3+ is incorporated into an A1 2 Oj lattice. 

The discussion above indicates that in addition to the crystal field 
splitting A<> the interelectronic repulsion must also be taken into account 
when explaining the spectra. The repulsion terms are described by the 
Racah parameters B and C (see Chapter 32). 

Nb and Ta halides 

The trihalides of Nb and Ta are typically nonstoichiometric. In NbClj the 
Nb ions occupy octahedral holes in a distorted hexagonal dose-packed 
array of CP ions in such a way that niobium atoms in three adjacent 
octahedra are close enough to be bonded together into a metal cluster. 
Compounds where three or more metal atoms are held together by mu ti- 
centre bonding are called cluster compounds. 


(+11) halides 

All the vanadium dihalide, am kno.n. /Ihe VX, compn .ndsa t. pmpared 
by reducing the trihalides with Zntare * , structure. They 

rutile TiO; structure and the oihens ha^a^Cdh (VfHjO)*) 1 " 

are soluble in water, giving and ad dition of H 2 SO« and 

Addition of NaOH precipita es vSO. 6HtO. The compounds are 
ethannl precipitates viol..- ctystab X VSO.^ ^ 

strongly reducing, and are yg are often used to rem ove ,races 

oxidized by air to | V (H : 0)„| • * duce h.O with the liberation of 

of 0 : from the noble gases. »’ . Hjgh temperature reduction of 

H ; . Nb and Ta behave very s o d i um or aluminium yields a series 

the pentahalides NbX. and J J ' M , . Nb„F„, Ta h Cl l? , Ta^Br,., and 
of lower halides such as M* m> v i"» unit. For example, if 

Ta.Br,,. Them are II L treated with A,NO, 

Nb f ,Clu is dissolved in wat 


i 
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Figure 21.4 Structure of [Nbf,Cl| 2 ] 2+ ion, showing the octahedral cluster of metal 
atoms bonded together, and the 12 bridging chlorine atoms. 


solution, only two chlorine atoms are precipitated as AgCI. This indicates 
the presence of [NbfcCl^] 2 '” ions and two Cl” ions, and this structure has 
been confirmed by X-ray crystallography (Figure 21.4). The Nb atoms are 
bonded together, forming an octahedral cluster of six metal atoms. The 
halogen atoms are situated above each edge of the octahedron and are 
bonded to two Nb atoms. Thus the halogens form bridges along the 12 
edges of the octahedron. The structure is held together by both multi- 
centre bonding over the six metal atoms and by the halogen bridges. 

Cluster compounds are currently attracting a lot of attention. If one of 
these clusters is linked by halogen bridges to four other clusters, the 
composition is [M^X^] (the cluster) 4- JX 4 (the halogen bridges), i.e. 
M 6 X 14 or MX 2 v Structures of this type are sheet-like, and diamagnetic 
because of the metal—metal bonding. Alternatively a cluster may be linked 
to six other clusters by halogen bridges, giving a three-dimensional 
structure and a formula of [M 6 X 12 ] + 4X*. i.e. M*X I5 or MX 2 5 . These are 

STANDARD REDUCTION POTENTIALS (VOLTS) 





OXIDES 



J 


paramagnetic and the magnetic moment corresponds to one unpaired 
electron. Cluster compounds of this type are characteristic of the lower 
oxidation states of Nb and Ta. Many of these cluster compounds are 
soluble in water, and the cluster remains intact during reactions. The 
clusters can be oxidized: 

[M*X 12 ] 2 * - [M*X I2 ] w - [M*X I2 ] 4 + 

A very unusual structure is found in Nb h I,,, where the six Nb atoms form 
an octahedral cluster as before, but eight iodine atoms are situated above 
the eight faces of the octahedron. Each of these I atoms act as bridging 
group to three metal atoms within the octahedron. The rest of the I atoms 
are bonded to the six corners of the metal octahedron. These act as 
halogen bridges to other octahedra. The formula is thus [Nb 6 I 8 | + Jl 6 
which is NbfJti. 


OXIDES 

The metals all react with dioxygen at elevated temperatures and give 
pentoxides M 2 0 5 . V : Os is orange or red depending on the state of division, 
but the others are white. When made this way, V0 2 can also be formed. 
Pure V^Os is obtained either by acidifying ammonium metavanadate, or 

simply by heating it: 

2NH 4 VOi + H 2 S0 4 —> V 2 0 5 (hydrated) + (NH 4 ) 2 S0 4 + H 2 0 

2NH 4 VOv^+ V 2 Os + 2NHi + H 2 0 
The main oxides formed are shown in Table 21.5. The lower oxides often 
exist over a wide range of composition. 


(+V) oxides 

.. w n ran a n be made by heating the metal m dioxygen. 
The oxides M 2 O s can heatine ammonium metav.anadate 

However. V.O, is best made by heatmg^ a of other Nb 

NH 4 VOj. Nb 2 0< and Ta : 0< are commonly ^<^y g^ ^ have # ^ 

or Ta compounds in air In the P ^ be ^ colourless. Nb.O, and Ta 2 O s 
configuration, and might be exp , oured due to charge transfer, 

are white, but V 2 Os is orange or 


» 


Table 21.5 Oxides 

Oxidation state 

( + IV) 


( + V) 



The most stable oxidation s 


states are shown in bold. 
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^ . u . h..t is mainly acidic. With very strong NaOH it 
V 2 O s is amphoten • ions yoj - . At slightly higher pH these 

forms colourless or o^ fange o{ isopo |yacids called polyvanadates, 
polymerize to for 8 dissolves in very strong acid, forming 

s-, 23?x ■»»Tv n o t« (V j inf ™ ! ” *“ “ 

aneular shaoe. Some reactions of V 2 0, are as follows. 


V 2 o 5 + NaOH -* various vanadates 

V 2 O s + H 2 O 2 —* peroxovanadates (red colour) 


V 2 0 5 + Cl 2 -» VOCI 3 
V 2 0< + S0 2 -* V °2 + 

V 2 O 5 + H 2 -+ v ^2 + v 2^3 


Though Nb 2 0 5 and Ta 2 Os react with HF. and form niobates and tantalates 
when fused with NaOH, they are better described as unreactive rather than 

amphoteric. 

The structure of V 2 Os is unusual and consists of distorted trigonal 
bipyramids of V0 5 units sharing edges with other units to form zig-zag 
double chains. Its use as a catalyst in the Contact process has been 
mentioned previously. The catalytic activity may be because it can 
reversibly lose or gain oxygen when heated. 


(+IV) oxides 

V0 2 can be made from V 2 0.< with mild reducing agents such as Fe 2 *, SO 2 . 
or oxalic acid. V( + IV) has a d l configuration and V0 2 is dark blue in 
colour. The oxide is amphoteric, but is more basic than acidic. In acids 
it forms blue solutions containing the oxovanadium(IV) ion VO 2 *. 
This is commonly called the vanadyl ion. A large number of vanadyl 
compounds are known: vanadyl sulphate VOSO 4 and vanadyl halides 
VOX 2 . Several vanadyl complexes are also known, [VOX 4 ] 2 ' where X 
is a halogen, [VO(oxalate) 2 ] 2- , [VO(bipyridyl) 2 Cl]^, [VO(NCS) 4 ] 2 " arid 
[VO(acetylacetone) 2 ). 



Figure 21.5 Structure of vanadyl acetylacctone [VO(acetylaceione) : |. 


The structure ot these is related to an octahedron with one position 
unoccupied (Figure *1.5). The sixth position may be filled quite readily 
by a sixth ligand, for example pyridine C S H 5 N in (VO(acetylacetonc): 
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VANADATES 


(pyridine)]. In these compounds the V-0 bonds are itntoin-' 
shorter than a s.ngle bond, and the bond is hln 1 56-1 59 A - Th,s IS 
The n bond arises from back bondino f ! re P resen ted as V—O. 

empty d orbital on V. similar to the oxides and ? 0r ^ ita ' °” ° wi,h an 

c oxiaes and oxoacids of phosphorus. 

(+III) oxides 

VA > s nonstoichiometric (VO. \ 

in the corundum Al 2 0 3 type of ttructurf ? mple 10nS arran ^ ed 

temperature reduction of V 2 O s with carbon nr * prod “ ced by bi 8 h 

reduction of a vanadate. The oxide is comnl t n * or by electrolytic 
•ac u xlQe completely basic. It dissolves in 

acids, forming blue or green hydrated ions [V(H 2 0 ) 6 ] 3 \ and these 

iSS noSTtSTL red ' , "" e Addl,i ” « n>oh 

hy r tea V(OH) 3 , but this has no tendency to dissolve in excess NaOH 

ihfhT.T (+I u, ) h3S 3 ^ confi 8 uration , and the oxide is black 
and the hydrated ion is blue. A considerable number of octahedral com- 

plexes are known such as [V(H 2 0) 6 ] 3+ , [VF*] 3 ", |V(CN) 6 ) 3 - and 

(V(oxalate),] . Vanadium also forms a triacetate complex, which is 

dimenc (V 2 ( acetate),,]. This has an unusual structure. Four of the acetate 

groups act as bridging groups through O atoms to the two V atoms. The 

remaining two acetate groups act as unidentate ligands and one is attached to 

each V. The structure is related to the structures of chromium(II) acetate 

[Cr 2 (acetate ) 4 • (H 2 0) 2 ] and copper acetate [Cu 2 (acetate ) 4 • (H 2 0) 2 ]. (See 

Figure 22.2.) Both are dimeric, and both have four bridging acetate 

groups, but the terminal acetate groups in the V compound are replaced 

by two molecules of water. In water, [VfHjO)*] 3 * partially hydrolyses to 

V(OH) 2 * and VCT 


(+11) oxides 

VO is nonstoichiometric, of composition VO 0 9 ^ 1 . 12 - The solid is ionic and 
has a defect NaCl type of structure. The ( + 11) state has a d 3 configuration, 
and the oxide is grey-black and has a metallic lustre. It is made by reducing 
V 2 0 5 with hydrogen at 1700 °C. It has a fairly high electrical conductiv¬ 
ity. which is probably due to metal-metal bonding in the structure. The 
oxide is comp’etely basic, and is soluble in water. Addition of NaOH to 
this solution precipitates V(OH) 2 . VO dissolves in acids, forming violet 
coloured [V(H 2 0) ft ] 2 * ions. These solutions are strongly reducing, and are 
very readily oxidized both by air and water. Thus the violet solution soon 
turns green through oxidation to (V(H 2 0)(j) 3 . A few octahedral complexes 
are known -such as K 4 [V(CN) 6 ] • 7H 2 0 and [V(ethylenediamine) 3 )Cl 2 . 
K4V(CN) 7 ] • 2H 2 0 is also known, and the structure of the anion is a 

pentagonal bipyramid. 

VANADATES 

Though V 2 0, is amphoteric, it is mainly acidic. It dissolves in very strong 
NaOH, forming a colourless solution containing orthovanadate ions 
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GROUP 5 


the vana dium grou p 


^ iotraheiiral in shape. If acid is added gradually to lower 

VO 4 . These are tetra polvmerize. Thus a very large number of 

the pH, the ions ad^ipro formcc J P in solution. The oxoions polymerize to 

different isopolyaci s mers when the solution becomes acidic the 

SZSoxiiTo, • <H:0)„ is precipitated. This dissolves in very strong 
acid forming various complex ions, unt.l finally the d.oxovanad.um ,on 
Vo? s formed. Various solids have been crystalled out at different pH 
values, but these do not necessarily have the same structure, and are 
unlikely to be hydrated to the same extent as the species in solution. The 
following scheme could explain the observations, though the extent to 
which the various species are hydrated is unknown. 

[V 0 4 ]'--^ [VO, OH| 2 -^ IVA'OHI'-^ |V,0,|-'-i!” 

colourless colourless colourless orange 

[VsOm) 3 - pH V 2 Os • — ♦ [VniOa.r — |VO,]* 

,cd brown precipitate P*tlv yellow 

* Included because solids of this formula have been precipitated. 


Nb 2 0 5 and Ta 2 O s are white and chemically inert. They are hardly attacked 
by acids, except HF which forms fluoro complexes. If the pentoxides are 
fused with NaOH, niobates and tantalates are formed. These precipitate 
the hydrated oxides at pH 7 and 10 respectively, and the only isopolyion 
found in solution is [M ft O ly ] K_ . 

In the main groups, the phosphates, silicates and borates all show a 
strong tendency for the oxoions to polymerize, forming a very large 
number of isopolyacids. In a similar way in the d-block, molybdates and 
tungstates also polymerize to form a large number of isopolyacids. This 
tendency is shown to a lesser extent by (Ti0 2+ )„ and CrO 2 ' -► Cr 2 0}'. 

Vanadate ions also form complexes with the ions of other acids. Because 
there is more than one type of acid unit which condenses, these are called 
heteropolyacids. They always contain vanadate, molybdate or tungstate 
ions together with one or more acidic ions (such as phosphate, arsenate or 
silicate) from about 40 elements. The ratio between the numbers of the 
different types of units is commonly 12: 1 or 6: 1, giving the 12-polyacids 
and the 6-polyacids. However, other ratios are also found. A sttidv of 
heteropolyacids is very difficult because: 

1. The molecular weight is high, often 3000 or more 

2. I he water content is variable. 

3. The ions present change with the pH. 

4 Sstanize e out reSem S ° IUt, ° n ar< P robabl > different from those which 


LUW UXIUAI ION STATES 


for all three°eTements S anVfoTth ^ ( T* ) s,a,e occurs wi,h 

na tor the dipyridyl complex Li[V(dipyridyl)i| 



further reading 



ctner. The zero-va ent state occurs with [V(CO) 6 ]. This is not very stable. 
Since V has an odd atomic number, it follows that in V(CO)« it has an 
unpaired electron and hence an incomplete shell of electrons. Other first 
row metal carbonyls with an unpaired electron dimerize and form t M—M 
bond, thus pairing the electrons. V(CO ) 6 is unusual in that it remains 
monomeric. [V(dipyridyl) 3 J is another example of V(0). The (+1) state is 
found in (V(dipyridyl) 3 p 

ORGANOMETALLIC COMPOUNDS 

This group does not form many compounds with M—C o bonds. The main 
examples are V(CO) 6 , which, though pyrophoric and not very stable, can 
be prepared in much larger quantities than Ti(CO)<s, An unusual 
compound hexakis(dinitrogen) [V(N 2 ) 6 ] is also known, and is thought to 
be isoelectronic and isostructural with the carbonyl. 

V forms bis(cyclopentadienyl) compounds such as [V(q 5 -CsH 5 ) 2 CI 2 ], 
[V(t| 5 - CsHshCl) and [V(q 5 - CsHsJJ. The last is a simple sandwich com¬ 
pound and is called vanadocene. This is like ferrocene in the next chapter, 
and unlike the titanium compounds. The hapticity r\ 5 indicates that in 
each ring five carbon atoms are ‘bonded’ to V. Vanadocene is extremely 
air sensitive, and is a dark violet paramagnetic solid. Nb and Ta also 
form cyclopentadienyl compounds such as [Nb^-GjH^O / 1 “C 5 H 5 ) 2 ], 
ir, which two rings are rj 5 % and two rings are / 7 1 bonded. Other complexes 
are [N^t 5 - C 5 H 5 ) 2 CI 2 ] and [N^t 5 - C 5 H 5 ) 2 CI 3 ]. 


FURTHER READING 

Brown, D. (1973) Comprehensive Inorganic Chemistry , Vol. 3 (Chapter 35: 

Niobium and tantalum), Pergamon Press, Oxford. 
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Canterford, J.H. and Cotton, R. (1968) Halides of the Second and Third Row 

cJSS"vX.'rSw 1 * 

Cortteth^D^flMlHEjHended meul-eKul bond", in n.lidet of the ttrly 

transition metals, Acc. Chem. Res. , 14, 239. . . rhem Soc 
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Group 6 — 
the chromium group 



Table 22.1 Electronic structures and oxidation states 


Elemem 


Electronic structure 

Oxidation states* 


Chromium 

Cr 

[Ar] 3 d 5 4s 1 1 

(-11) (-1) 0 (I) II III (IV) (V) VI 

Molybdenum 

Mo 

|Kr| -W s 5s' 1 

(-11) (-1)0 I (II) III IV 

V VI 

Tungsten 

W 

(Xe) 4 f" 5<f 6s' 1 

(-11) (-1)0 I (II) (III) IV 

V VI 


• The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 
in normal type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 


INTRODUCTION 

Chromium metal is produced on a large scale, and is used extensively in 
ferrous and non-ferrous alloys, and for electroplating. The metals 
molybdenum and tungsten are produced in appreciable amounts. Sodium 
dichromate is also used in large amounts. C 1 O 3 and CT 2 O 3 are both used 
commercially. 

Tungstate and molybdate ions both form extensive series of iso- and 
heteropolyacids. Chromium(JI) acetate has an unusual structure with a 
quadruple bond. The lower halides M 0 X 2 and WX 2 form interesting 
cluster compounds based on the octahedral (M^Xa) 4 * metal cluster. Mo is 
important in the fixation of dinitrogen. 


abundance, extraction and uses 

Chromium is the twentv-firs. most abundant element by weight in the 
earth s crust. This is about as common as chlonne. Molybdenum and 

tungsten are quite rare | (Table 22.2). chromlt£ Fe Cr 2 0.. This is 

The only commeraally important or whjch j# written as 

the chromium analogue of magnetite 3 4 . the q 

p e iip«iu n has a soinel structure. In this structure tne u atoms 

are » 2 ° 4 - Chromite h P with Fe" in one eighth of the 

«e arranged in a cubic closepackea octahedral holes, 

available tetrahedral holes and Cr* in one quarter 
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GROUP 6 - THE CHROMIUM GROUP^ 


] 


Chromite has a slight lustre and looks like pitch with a brownish cast to the 
colour. It may be slightly magnetic. World production of chromite was 11 .4 
million tonnes in 1992. with a Cr content of 3.3 million tonnes .The largest 
sources of chromite ore are the Soviet Union 32% South Africa 30%. 
Turkey and India 9% each, and Albania and Zimbabwe 5 /o each. Small 
amounts of crocoite PbCrO, and chrome ochre Cr 2 0, are also mined. 

Chromium is produced in two forms: ferrochrome and pure Cr metal, 
depending on what it is to be used for. Ferrochrome is an alloy containing 
Fe. Cr and C. It is produced by reducing chromite with C. In 1991. 3.1 
million tonnes of ferrochrome were produced. It is used to make many 
ferrous alloys, including stainless steel and hard chromium steel. 

FeCr 2 0 4 + C Fe + 2Cr + 4CO 


furnace 


ferrochrome 


Several steps are required to obtain pure chromium. First chromite is fused 
with NaOH in air, when the Cr is oxidized to sodium chromate. 


uoo # c 


2FeCri n 0 4 + 8 NaOH + 3$0 2 -* 4Na 2 [Cr v, 0 4 ] + Fe 2 0 3 + 4H 2 0 

Fe 2 0 3 is insoluble but sodium chromate is soluble. Thus the Na 2 [Cr0 4 ] is 
removed by dissolving it in water, and is then acidified to give sodium 
dichromate. This is less soluble, and can be precipitated. The sodium 
dichromate is reduced to Cr 2 0 3 by heating with C. 

Na 2 [Cr 2 0 7 ] 4- 2C — Cr 2 0 3 + Na 2 C0 3 + CO 

Finally Cr 2 0 3 is reduced to the metal by Al or Si. 

Cr 2 0 3 -f 2AI -♦ 2Cr + A1 2 0 3 

Since the metal is brittle, it is seldom used on its own. It is used to make 
non-ferrous alloys.- Alternatively Cr.O, is dissolved in H 2 S0 4 , and 
deposited electrolytically on the surface of a metal. This both protects the 
metal from corrosion and gives it a shiny appearance. 

Molybdenum occurs as the mineral molybdenite MoS 2 . World produc- 
lon o ores in 1992 had a molybdenum content of 129000 tonnes. The 
largest sources are the USA 38% and China 29%. Some MoS : is also 

MrthW 2 , A u Undance of ,he dements in the 
earth s crust, by weight 



~ J 



OXIDATION STATES 
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obtained as a by-product from CuS ores. MoS, is roasted in air. converting 
,t to MoO,. This may be added to steel directly, or MoO, may be healed 
with Fe and Al to give ferromolybdenum. which is then added to steel. 
Almost 90 /» of Mo is used to make cutting steel or stainless steel. Pure 
Mo is obtained by dissolving MoO, in dilute NH 4 OH and precipitating 
ammonium molybdate, dimolybdate or paramolybdate. This is reduced 

with hydrogen to give the metal. Mo metal is used as a catalyst in the 
petrochemical industry. 

Tungsten occurs as tungstates, the most common being wolframite 
FeW0 4 • MnW0 4 and scheelite CaW0 4 . World production in 1992 had 
39CX)0 tonnes metal content. The largest sources are China 65% and the 
Soviet Union 17%. Different processes are used to extract W from 
wolframite and scheelite. Wolframite is fused with Na 2 CC> 3 , forming 
sodium tungstate, which is leached out and acidified to give Tungstic acid’ 
(the hydrated oxide). Scheelite is acidified with HCI when Tungstic acid’ 
is precipitated and other materials dissolve. ‘Tungstic acid’ is then heated 
to give the anhydrous oxide, which is reduced to give the metal by heating 
with hydrogen at 850 °C. 

Mo and W are obtained by this method in the form of powders. Their 
melting points are high, so melting to give the massive metal would be 
expensive. Instead metal objects are obtained by fabricating the powder 
into the required shape and sintering (heating but not melting) under an 
atmosphere of H 2 . Both Mo and W are alloyed with steel, giving very hard 
alloys, which are used to make ‘cutting steel'. This is used to make machine 
tools. Cutting steel retains its cutting edge even when the metal becomes 
red hot. About half the W produced is used to make tungsten carbide WC, 
which is extremely hard (10 on Moh's scale) and will cut glass. WC is used 
to make the tips for drills. W metal is-used to make the filaments in electric 
light bulbs. Molybdenum disulphide MoS 2 has a layer lattice and is an 
excellent lubricant, either on its own or when added to hydrocarbon oil. 


OXIDATION STATES 

The ground state electronic configuration of Cr and Mo is d s , with a 
stable half-filled d 5 configuration, whilst W has a d s arrangement. 

From the electronic structures, Cr and Mo might be expected to form 
compounds with oxidation states from ( + 1) to ( +VI), and W from ( + 11) to 
(+VI) inclusive. They form these states, and in addition some lower states 
occur as dipyridyl complexes, carbonyl complexes and carbonyl ions. 

For Cr the ( + 11), (-rlH) and (+VI) states are well known. Cr(+II) is 
reducing, Cr( + III) is the most stable and important andCr(+VI) is 
strongly oxidizing. The most stable states for Mo and W are (+VI), 
though Mo(+V) and W(+V) are well representedI and are stable in 
water. Whilst Crf + VI) is strongly oxidizing, Mo( + Vl) and W( + VI) are 
stable. Similarly Cr(+III) is stable but Mo(+III) and W( + II1) are strongly 
reducing. This fits the usual trend that on descending a group the higher 
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Table 22.3 Oxides and halides 

Oxidation states 



CrF 2 

CrCI 2 

CrBr 2 

Crl 2 

MoCI 2 

MoBr 2 

Mol 2 

WCI 2 

WBr 2 

WI, 


CrFi 

CrClj 

CrBr, 

Crlj 

MoF* 

MoCh 

MoBn 

MoF^ 

WCI, 

WBr, 

Wl, 


CrF 4 

CrCI 4 

CrBr 4 

Crl 4 

MoF 4 

MoCI 4 

MoBr 4 

MoI 4 ? 

WF 4 

WCI 4 

WBr 4 

WI 4 ? 


(+V) 

( + VI) 


CrO, 

Mo 2 Os 

MoOj 

(W 2 Os) 

WOj 

CrFs 

(CrF 6 ) 

MoFs 

MoF 6 

MoCIs 

(MoCU 

WF< 

WF* 

wcu 

wci* 

WBr s 

WBr„ 


The most stable oxidation states are bold, unstable are bracketed. 


oxidation states become more stable and the lower states become less 
stable. A list of known oxides and halides is given in Table 22.3. 


GENERAL PROPERTIES 


rr'^ 3 n k hard a , nd haVC VCry h,gh meltin S P° inls and low volatility 
(Table 22.4). The melt.ng point of W is the next highest to carbon. 

Cr is unreactive or passive at low temperatures because it is protected by 

in/KmT 1 ?!' 011 *' tbus rcse tabling Ti and V in previous groups. 

Ilerrmnif. 0f , h ' S paSS ' Ve behaviour that Cr is extensively used for 
electroplating onto iron and other metals to prevent corrosion. Cr dissolves 


Table 22.4 Some physical properties 

Covalent Ionic radiu s (A) Melting 


(A) 


Cr 

Mo 

W 


1.17 

1.29 

1.30 


M 2 + 


M 




point 

(°C) 


Boiling Density 
point 

<°C) (gem'') 


0.80 h 

0.73 1 


0.615 

0.69 


h = high spin value. I = | ow spin radjus 


Pauling’s 

electro¬ 

negativity 


1900 

2690 

7.14 

1.6 

2620 

3380 

4650 

5500 

10.28 

19.3 

1.8 

1.7 


/ 
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STANDARD REDUCTION POTENTIALS 


jn HCI and H 2 S0 4 . but is passivated by HNO, or aqua regia. Mo and W 
are relatively inert, and are only slightly attacked by aqueous acids and 
alkalis. Mo reacts initially with HNO,. but then becomes passive. Both Mo 
and W dissolve in HNO,/HF mixtures, and also in fused Na,0, and fused 
KNO,/NaOH. Cr reacts with HCI gas, forming anhydrous CrCI 2 and H 2 . 

The metals do not react with 0 2 at normal temperatures (apart from the 
surface coating). However, on strong heating Cr forms a-Cr 2 0,, which is 
green coloured and has a corundum structure. In contrast. Mo and W form 
MO,. Similarly, on heating Cr with the halogens, trivalent halides CrX, 
are formed. In contrast Mo and W form MCI ft on heating with Cl 2 , and 
MF h is formed at room temperature. 

2Cr + 30 2 —* Cr 2 0, 

2Mo + 30 2 -► 2MoO, 

2Cr + 3CI 2 — 2CrCI, 

Mo + 3CI 2 MoCI A 

As a result of the lanthanide contraction, there is a close similarity in the 
size and the properties of Mo and W. The difference between these two 
elements is greater than in Group 4 between Zr and Hf and in Group 5 
between Nb and Ta. Thus Mo and W can be easily separated in the 
conventional scheme for qualitative analysis of metals: W0,(H 2 0)„ is 
precipitated with the insoluble chlorides in Group 1, and molybdates are 
reduced by H 2 S in Group 2 and MoS 2 and S are precipitated. 


STANDARD REDUCTION POTENTIALS (VOLTS) 

Acid solution 

Oxidation state 

+VI +V +VI +111 +11 +1 








Many of these potentials have been calculated from thermodynamic data, and the existence of 
species such as Mo 3+ , W 3+ and W 2 Os is questionable. 

t < 

■ i ) 


(+VI) STATE 

1 ' ! 

A limited number of Cr(+VI) compounds are known. These are very 
1 strong oxidizing agents and include chromates [Cr0 4 ] 2 “, dichromates 

[Cr 2 0 7 ] 2- , chromium trioxide Cr0 3 , oxohalides Cr0 3 X" and CrO^X? 
(X = F, Cl. Br or I), and CrOX 4 (X = F or Cl) and CrF*. 


Chromate and dichromate 

Sodium chromate Na 2 Cr0 4 is a yellow solid, and should strictly be called 
sodium chromate(VI). Its preparation from chromite by fusing with NaOH 
and oxidizing with air has already been described under "Abundance, 
extraction and uses , and it can also be prepared by fusion with Na 2 C0 3 . 

4FeCr 2 0 4 + 8Na 2 C0 3 + 70 2 -+ 8Na 2 Cr0 4 + 2Fe 2 0 3 + 8C0 2 

It IS quite soluble in water and is a strong oxidizing agent. Sodium 

dichromate Na 2 Cr 2 0 7 is an orange coloured solid, and is made by 

acidifying a chromate solution. The dichromate is less soluble in water, and 

is widely used as an oxidizing agent. K 2 Cr 2 0 7 is preferred to Na 2 Cr 2 0 7 for 

use in volumetric analysis (titrations) because the Na compound is 

hygroscopic whilst the K compound is not. Thus K 2 Cr 2 0 7 can be used as a 
primary standard. 7 


iCr 2 0?- + 7H* + 3e Cr w + 3iH 2 Q E° = 1. 


33 V 
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_ (♦vi) STATE 


Pcroxo compounds 

When hydrogen peroxide is added t 

(or any olher Cr( + Vl) specie^ ° an acidified solution of a dichromate 

products depend on the pH anH ih 3 C ° nlp,icaled taction occurs. The 

pn and the concentration of Cr 

CrjOr + 2H* + ju n 

A Heen Kl • 2 2 2CrO(Oi)j + 5H-.0 

A deep blue-violet coloured n,. 

This decomposes rapidly in amn.l° W c ° m P°und CrO(Oj ) 2 is formed. 
Tlie pcroxo compound can be extr^, . U,,on in, ° C r’ + a " d dioxygen, 
pyridine, forming the adduct Dv . r r o,n w c e,her ' where d reae,s w "h 
of this is approximately a npnim„ . 3 2 ^' 8 ure 22.1a). The structure 
pentagon of four O atoms (from 8 .!," 3 Pyram,d ’ Cr is aI <he centre of a 
pyridine, and one O above the „ . ‘ W ° peroxo 8 rou P s > and the N from 
In less acidic solutions K,Cr o*" a . n apical posi,ion - 

oured and diamagnetic Thee 2 7 a "? H2 ° 2 glve saUs which arc violet col- 
bu. the structure! ale n «know! S"' ‘° C °" ,ain |CrO( 0 2 )(OH)]-. 
alkaline solution with 307 H n th ^ com P ounds arc explosive. In 
formed which is a tetram*™ 2 2 ’ 3 f red ~ hrown compound K^CtO h is 
In ammonia so|„,i 0 „ f he ” spec '" l C, <°!W''. >nd concama Cr(a V). 
I<rnnrnl. h i ckc 0 m m„ s j. h ' t d "; ( ^~” b pp«»n<l (NHJ.CrO. in 



(a) 

^gure 22.1 Structures of (a) pyCr0(0 2 ) 2 . 
hipyramid). 


NH 3 



(b) (NHi)jCr0 4 (pentagonal 
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Chromium trioxide (chromic acid) 

is a bright orange solid, and is commonly called ‘chromic acid’. It is 
usually prepared by adding concentrated H 2 S0 4 to a saturated solution of 
^ium dichromate. 

Na 2 Cr 2 0 7 + H 2 S0 4 — 2Cr0 3 + Na 2 S0 4 + H 2 0 

colour arises from charge transfer (not d-d spectra as Cr(+VI) has 
3 d configuration). Cr0 3 is toxic, and corrosive. The crystal structure 
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consists of chains of oxide, and 

L^vesln NaoStons. form.ng the chromate ion OOj- On heating 
=T<r„ loses oxveen in stages, eventually form.ng green coloured 


Cr 2 0 3 . 


2 CrOi — 2 CrO : + 0 2 
2Cr0 2 — Cr 2 0 3 + {0 2 


CrO t reacts with F 2 at normal pressures, forming the oxofluondes Cr0 2 F 2 
and CrOF 4 , but at 170°C and 25 atmospheres CrF 6 is formed. 


Cr0 3 + F 2 ——+ Cr0 2 F 2 + i0 2 
CrO, + 2F 2 -^-—► CrOF 4 + 0 2 


J70*C. 25 atmospheres 

CrO, + 3F 2 - 


CtF 6 lemon yellow solid 


CrO, is widely used to make chromium plating solutions. It can be 
dissolved in acetic acid and used in this form as an oxidant in organic 
chemistry, though reactions may be explosive. Chromic acid solutions are 
used to clean laboratory glassware. 


M 0 O 3 and W0 3 

MoO, and WO, are formed by heating the metal in air. They are acidic. 

They are not attacked by acids except HF, but they dissolve in NaOH 

forming MoO^" and WO^“ ions. MoO, and W0 3 differ from CrO, in 

several ways: 

1. They have almost no oxidizing properties. 

2. They are insoluble in water. 

3. Their melting points are much higher (CrO, m.p. 197 °C, MoO, m.p. 
795°C and WO, m.p. 1473°C). 

4. Their colour and structures are different. MoO, is white as expected for 
d . but on heating it turns yellow due to the formation of defects in the 
solid. The structure is a layer lattice. WO, is lemon yellow in colour, 
and has a slightly distorted rhenium trioxide ReO, structure of W0 6 
octahedra sharing corners in three dimensions. (See Figure 23.4a.) 

Mixed oxides 


Se eral mixed oxides can be made by fusing MoO, or WO, with Grou| 

Mni? wn'These comp;nse chains or rings of Mo0 6 or WO, octahedi 
Moist WO, turns slightly blue on exposure to UV light. Mild reduction 

=rT° nS M °°' and WO ' ° r 3 «dic solutions of molybda. 
or tungstates also gives a blue colour. The blue oxides’ so produced a 

thought to have Mo or W in oxidation states of ( + IV) and (+V), a' 

contain some OH instead of O’" l0 balance the charges. 
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(+V) STATE 



Oxohalides 


<***£ oHn 'Z M ° 2C l! may be formed »y living .he .rioxide in 

* , r ? !mai« or hv h ,be ac, ' on stron g acids on salts such as 

d,chromates, or by d.rect add.tion of the halogens to the dioxide. 


Cr0 3 + 2HC1 — nc H;SOi 


♦ Cr0 2 CI 2 + H 2 0 


K 2 Cr 2 0 7 + 6HC1 


cone H^0 4 

-- 2Cr0 2 CI 2 + 2KC1 + 3H 2 0 


Chromyl chloride Cr0 2 CI 2 is a deep red coloured liquid. It is formed in 
qualitative analysis to confirm the presence of chloride ions. The suspected 
chloride is mixed with solid K 2 Cr 2 0 7 and gently warmed with concentrated 
H 2 S0 4 . Deep red vapours of Cr0 2 CI 2 are formed, and if these are passed 
into aqueous NaOH the solution turns yellow due to the formation of 
Na 2 Cr0 4 . 

Chromyl and molybdenyl chlorides are covalent acid chlorides and are 
readily decomposed by water. Tungstenyl chloride hydrolyses less readily. 


Halides 

CrF 6 is a yellow solid made by heating the elements under pressure in a 
bomb, and cooling rapidly. The product is unstable and decomposes into 
CrF 5 and F 2 . In contrast MoF h and WF 6 are very stable. They are both low 
melting (MoF 6 17.4°C, WF 6 1.9°C), volatile, and easily hydrolysed. They 
are diamagnetic and colourless as expected for a d° configuration. 
However, MoCl ft and WC16 are black and WBr 6 is dark blue. WCI 6 is made 
1 by heating the metal in Cl 2 . It reacts with water, forming tungstic acid, 

j WCI 6 is soluble in EtOH, ether and CCI 4 , and is used as the starting point 

for making other compounds. 


i 

i 

$ 


t 


(+V) STATE 

There are few Cr( + V) compounds, and they are unstable and decompose 
to Cr( + III) and Cr( + VI). One example is K 3 CrO„, a red-brown 
compound formed from NaCrO. and H 2 0 2 in alkaline solution see 
above). KjCrO* contains the tetraperoxo specks • Another 

example is CrF< which is made by heating the elements at 500 C or heating 
Cr0 3 with F 2 . It is a red solid, based on CrF* octahedra linked to give a c«- 

bn MoF, hasTtelrameric structure of four t^ahedra joined into a ring, mce 

NbF andTaF, (see and 

is soluble in benzene and other organic soivc. 

r*i • . • u ♦ to Mo->C ,n in the solid. Mo 2 U|ois used as 

Mod, in solution, but dimenzestoM 2 i > ^ h rapjd|y hydro , ysed 

t e starting point for ma ing o d solvents, forming oxochlorides. 

by water, and removes O from oxygenated so J there j$ one 

MojCI,,, is paramagnetic (m - '-6 •!" 6 

unpaired electron and thus no metal meta 




t 
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GROUP 6 - THE CHROMIUM GROUP 


(+IV) STATE 

Cr(+IV) compounds are also rare. CrF 4 is formed by heating the elements 
at 350°C. MoCI 4 exists in two polymeric forms, one like NbCI 4 (see Figure 
21.3) comprising chains of octahedra with the metal atoms displaced in 
pairs, forming metal-metal bonds, and the other form without metal- 
metal bonds. 

Cr0 2 is made from Cr 0 3 by hydrothermal reduction, and has a rutile 
(Ti0 2 ) structure. The oxide is black in colour and has some metallic 
conductivity. It is also ferromagnetic, and is widely used to make high 
quality magnetic recording tapes. Mo0 2 and W0 2 are both made by 
reducing the trioxide with hydrogen. They are brown-violet in colour and 
are insoluble in non-oxidizing acids, but dissolve in concentrated HN 0 3 
forming Mo 0 3 or W0 3 . The dioxides have a copper-like lustre and have 
distorted rutile structures with strong metal-metal bonds. The oxohalide 
CrOF 2 is also known. 


(-PIII) STATE 
Chromium 

<^+ HI ^compounds (often called chromic compounds) are ionic and 

rh^ a ' n Cr “ re ,b \ most im P°rtant and most stable compounds of 
chromium Although this oxidation state is very stable inacidic solution it 
,s eas,| y ox >dized to Cr(+Vl) in alkaline solution. 

preparation^tw h “? d WhiCh “ aS 3 P ' grnent ' The most convenient 
preparation is by heating ammonium dichromate (NH.),Cr,0, in the well 

coloured Cr O nowH en ° U M ,0 COn,inue on its own - The green 

SSwiSSS .‘ S < > m * hc air by ' he ,ar 8 e volume of ^ and 

formed by burning the metalTn afr, or'by heatmg Qo'Th } ^ 

Al 2 0 3 structure. y 1 g Lr °3 It has a corundum 

(NH 4 ) 2 Cr 2 0 7 Cr 2 0, + N 2 + 4H 2 0 

4Cr + 30, -» 2Cr 2 0, 

4CrO, -> 2Cr,0, + 3o 2 
The addition of NaOH to Cr + c „i ,• 

hydroxide, he, ,he hydrou, * 

C^* + 30H' Cr(OH), Cr : 0,,H.0| n 

The oxide becomes inert to aeiHc u 

otherwise it is amphoteric, giving [CrfH n^ eS * heated strongly ’ bu ! 

with concentrated alkali Th ^ r ^O) 6 ] with acids, and ‘chromites 

probably [Cr n, (OHU 3 ~ nr present in ‘chromite 1 solutions is 

important. It is formed as one sten is “ rcia,,y 

as a pigment in paint, rubber and he ex,ract, °n ofchromium. It is used 

variety of reactions including the man 7' em ' and as a ca,a| y st for a wlde 

g anufacture of polythene and butadiene. 



(♦Ill) STATE 


All the anhydrous CrX 3 halides are known rw-i , . 

red-violet flakes. The flakiness is relatedZhe^ ' .' S * Wh,Ch f ° rmS 
solid. The chloride ions are cubic close nacki*H ye *. alt,ce slruclure of lhe 
metry one third of the octahedral holesT * ! ° ma,nla,n s 4 to,chi °- 

to thirds of the holes are occupied n on , * d by Cr io " S 
layer, and consequently only weak van de 0006 * n the " eXl 

chloride layers together. In aqueous solution th h °* d S ° me 

coloured hexaaqua ion [Cr(H.O)J w and halo * * CS ^ V !° let 
ICKH.OJ.aP*. |Cr(H;0),CbP 1 

also^ occurs m many crystallme compounds such as [Cr(H 2 0) 6 ]Cl 3 and the 

rTsnT^H n ar f d K 0uble sa,ts - «=>ntple chrome alum K 2 S0 4 - 
Cr ^ S ?ck 2 ii°' WhlCh cr y stall,zes from mixed solutions of Cr 2 (SO„), 

IS beUer shown if ,he formula is written 
[K(H 2 0) 6 ] [Cr (H 2 0) 6 ] [S0 4 ] 2 . In solution the alums dissociate com¬ 
pletely into simple ions. 

The hexaaqua ion is acidic, and it may form a dimer by means of two 
hydroxo bridges. 
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[Cr(H : 0) f ,|' 4 ^ hP + [Cr(H 2 0)s0H] 2+ 


H 

O 


/ \ 

(H 2 0) 4 Cr Cr(H 2 0) 4 

\ / 

O 

H 


+ 2H 2 0 


Cr 3 * ions form an enormous number and variety of complexes. These 
are typically six-coordinate with octahedral structures, and are very stable 
both as solids and in aqueous solution. The stability is related to the high 
crystal field stabilization energy from its d 3 electronic configuration. The 
magnetic moments of these complexes are close to the spin only value of 
3.87 BM expected for three unpaired electrons. Complexes include the 
hexaaqua [Cr(H 2 0) 6 ] 3 * and halogen complexes [Cr(H 2 0 ) 5 CI] 2 *, men¬ 
tioned above. The ammine and oxalate complexes show many different 
forms of isomerism, for example the ammine complexes: 


[Cr(NH,) 6 ] 3 * 

[Cr(NH 3 ) 5 Cir 

[Cr(NH,) 4 CI 2 r 

(Cr(NH 3 ) 3 Cl 3 ] 


only one form 
only one form 
cis and trans isomers 
mer and fac isomers 


and in the oxalate complexes: 

(Cr(oxalate)}] 


3- 


d and / isomers 


Isomerism is discussedI morefully^ 

are also many cyanide and thiocy precipitate large positive 

NH 4 [Cr(NH 3 ) 2 (NCS) 4 ] •H 2 0 « often J afe sjmi|ar in size , , he 

tons. This is because when the an 
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CROUP 6 - THE CHROMIUM GROUP 



Figure 22.2 Structure of 
[Cr,0(CH,C00MH,0),l* 


crystal has a high coord.nation number and < h us a h.gherlaHice energy 
Cr( + III) forms an unusual basic acetate |Cr,0(CHiC00) 6 L,| (where 
L is water or some other hgand). The structure cons.sts of a mangle of 
three Cr atoms with an O atom at the centre. The six acetate groups act as 
bridges between the Cr atoms - two acetate groups across each edge of the 
triangle. Each Cr atom is octahedrally surrounded by six atoms: O atoms 
from four acetate groups, the central O, and L in the sixth position. L may 
be water or another ligand. Cr 3 ^ has a d arrangement and should have a 
magnetic moment of 3.87 BM. The magnetic moment of the complex at 
room temperature is only 2 BM. It is thought that the smaller value is due 
to partial pairing of d electrons on the three metal atoms by means of 
dn-pn bonding through O. This type of carboxylatc complex is formed 
by the irivalent ions of Cr, Mn, Fe, Ru, Rh and Ir. (Partial spin pairing and 
a reduced magnetic moment are also found in other complexes such as 
|(NH,) 5 Cr—OH—Cr(NHj),] 5 " and |(NH,)sCr—O—Cr(NH 3 ) 5 ) 4 ~ where 
the magnetic moment is temperature dependent, and is about 1.3 BM at 
room temperature, but almost zero at -200°C.) 


Spectra 

Cr(-i-III) has a d 3 electronic configuration. In the ground state these 
electrons occupy the t 2g orbitals, i.e. (r 2g ) 3 . The two e g orbitals are empty, 
providing two holes into which electrons can be promoted. The situation 
is analagous to that for d 2 described for V 3 * in Chapter 21. The electronic 
spectra of Cr(-t-III) complexes exhibit three absorption bands. In the 
ground state, the d rv , d xz and d>, orbitals each contain one electron, giving 
the singly degenerate state 4 A 2g (F). The first excited state corresponds to 
promoting ° ne electron, i.e. (f 2( ) 2 (*,)'. and gives two terms *T 2 JF) and 

■ g r vi e . 2 Se ~? n< ^ exc ' tec * slate corresponds to promoting two elections. 

aS P fould n a d , ^-^“2“ ^ ba " ds 

charge transfer band a, 37800cm- (SeeX Chip,^ 3 “ °" ’ he 


Molybdenum and tungsten 

»"• .11 If. halide. a,e h.o.h 

Mo( + III) compounds are faiHvttahI nP ^ Und , S d ° 001 con,a,n sim P le ,ons - 

hydrolyse in water. They form ociah’n ^ ° W,y ox,d,ze in air and slowly 
solution. ’ octahedral complexes with halide ions in 


M ° CI ' + 3CI ~ - |MoCU J - 
Two solid forms of MoCI* are k 

chlorine atoms, the other based R ^ Wn ’ 0ne cubic close packing of 

the Mo atoms are displaced f r °° , exa S 0na l close packing. In both forms 

m 1 e centres of adjacent octahedra. and 
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___ (+11) STATE 

Sfj - 1^,/iig^‘^r.rr: 

x JT«L„^ iMoS;.r SSTaT* lw '""' to “* 

(+11) STATE 

Cr(+H) compounds (often called chromous compounds) are well known, 
are ionic and contain Cr . Solutions containing [Cr(H.O)J 2 + can be 
produced either by electronically reducing solutions containing Cr'\ or 
by reducing them with zinc amalgam. They can also be produced from Cr 
metal and acids. The (Cr(H 2 0) 6 ]~ ion is sky blue coloured. It is one of 
the strongest reducing agents known in aqueous solution. 

Cr 3 * + e — Cr" E° = -0.41 V 

If the solution is acidic Cr slowly reduces water to H 2 . Cr(+II) com¬ 
pounds are oxidized by air to Cr 3 ". Cr 2 " is used to remove the last 
trace of dioxygen from dinitrogen, and has other uses as a reducing agent. 
Cr( + II) may be stabilized by forming coordination compounds, such as 
[Cr(NH 3 ) 6 ] 2 ~ or [Cr(dipyridyl) 3 ] 2 ". Though Cr 2 * is stable to dispro¬ 
portionation, the dipyridyl complex disproportionates. 

2|Cr(dipyridyl) 3 ] 2 ~ —* [Cr(dipyridyl) 3 ]" + [Cr(dipyridyl) 3 ] 3 * 

Hydrated salts such as CrS0 4 • 7H 2 0, Cr(C10 4 ) 2 • 6H 2 0 and CrCl 2 • 4H 2 0 
can be isolated, but they cannot be dehydrated as they decompose on 
heating. 

Anhydrous Cr( + ll) halides can be made either by reducing the 
tnhalides with hydrogen at 500°C, or from the metal and HF, HCI, HBr or 
I, at 600°C. The dihalides are all readily oxidized in air to the ( + III) state 
unless protected by an inert atmosphere such as N 2 . CrCI 2 is the most 
important, and it dissolves in water, giving the sky blue coloured 

|Cr(H : 0)*l 2 " ion. a 

Chromium forms many complexes, especially with N ligands and 

chelating groups. These are easily oxidized, particularly if moist. Almost 
all the complexes are octahedral, and both high-spin and low-spin 
complexes are known. The high-spin complexes have the electronic 
configuration (/.,)’ (e f )‘. The asymmetrical filling of the e t orbitals causes 
Jahn-Teller distortion similar to that found in complexes of Cu 
Chromium(ll) acetate dihydrate Cr 2 (CH,COO), 2H 2 0 is.one o e 
most stable chromous compound^ It is easily prepared by adding sodium 
acetate to a solution containing Cr^ under an atmosphere of Hydrated 

^ 1 • ' qJ oth er Cr( + ll) salts It has an unusual 

material for the preparation ^ ^ js surrounded by a 

dimeric bridge structure (F,6 “ r f f 0 ) atoms from four bidentate acetate 

d,stoned octahedron ^^^^ ^ ^^The other Cr>* ion. The four 
groups, one O from a H 2 0 moiecu , 



Figure 22.3 [W,CI, 2 r* c |us,er 



Figure 22.4 [W 6 Brg] 6+ cluster. 
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GROUP 6 - THE CHROMIUM GROUP- 



Figure 22.5 Structure of Cr 2 (CH 3 COO) 4 • 2H 2 0. 



Figure 22.6 Structure of 
[MozClg] 4 " and [Re 2 CI 8 ] 2 ’ 


acetate croups bridge between the two Cr atoms. The very short distance 
of 2.36 A between the two Cr atoms is evidence of a strong metal-metal 
bond. Cr 2 * has a d 4 configuration and has four unpaired electrons, but 
chromium(II) acetate is diamagnetic. This suggests that all four unpaired 
electrons take part in M-M bonding. Assuming that the ligands are 
bonded using one 5, three p and the d x i- y i orbitals, the d~i orbital can 
form a a bond to the other Cr 2 *. In addition the d x: and d yz orbitals can 
form n bonds, between the Cr atoms, and the d xy orbital forms a 8 
bond. Quadruple bonds of this type are found with other heavy transition 
metals Mo, W, Tc and Re, e.g. [Mo 2 (CH 3 COO) 4 ] (note there are no axial 
H 2 0 ligands), [Mo 2 CI 8 ] 4 -, [W 2 CI 4 (PR 3 ) 4 ], [W 2 (CH 3 ) 8 ] 4 *, [W 2 (C 8 H 8 ) 3 ], 
(Re 2 CI 8 ) 2 and [Re 2 Br 8 ] 2 . At one time quadruple bonds were regarded as 
anomalies, but they may be more common than originally thought. It is 
suggested that once a M-M multiple bond has been formed, the metal can 
easily be reduced to give a bond of higher order. 

Mo and W do not form difluorides, but the other six ( + 11) halides are 
known. They are usually made by reduction or thermal decomposition of 
higher halides. They do not exist as simple ions, but form ‘cluster 
compounds’ instead. MoBr 2 is really (Mo 6 Br 8 )Br 4 • 2H 2 0, and all six of 
these so-called dihalides have the same structure based on a cluster 
[MfcXg] with four halide ions and two H 2 0 acting as electron donors. The 
structure of the [M 6 X 8 ] 4+ unit is an octahedral cluster of six metal atoms. 
There is extensive M-M bonding, and eight face-bridging halogen atoms 
oeeupy the eight triangular faces of the octahedron (Figure 22.7). Thus 
each halogen is bonded to three metal atoms. Each metal atom has an 
unoccupied coord,nation position. The units can thus accept six 

v- meta ' at ° mS a * the corners ‘he octahedron from 
the remaining four X ions and two H 2 0 molecules, or from any other 

suitable electron pair donor. Addition of six CP gives the (Mo 6 CI H r 

cluster. The six ligands on the corners are labile, and undergo replacement 

reactions quite readily. In contrast the bridging halogens in the duster 
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Figure 22.7 Structure of [Mo^Br*] 4 * ion showing the octahedral M 6 cluster. 


undergo replacement very slowly. The low oxidation state suggests that 
these clusters should oxidize fairly readily. [Mo 6 CI 8 ] 4 + is only oxidized to 
.[Mo 6 C1| 2 ] 3 * (a formal oxidation state of 2$), though [W 6 C1 8 ] 4 * is oxidized 
to the [W 6 C1 12 ] 6+ cluster (Figure 21.4). 

The bonding in these compounds is not settled. The compounds are 
diamagnetic; therefore Mo must use all six outer electrons dV or W dV 
for bonding. Since there are six M atoms there are 36 valence electrons. It 
seems probable that eight electrons are used to bond the eight Cl atoms on 
the faces, and four electrons are transferred to form four X - ions. This 
leaves 24 electrons to form M-M bonds along the 12 edges of the M 6 
octahedron. 

(+1) STATE 

The oxidation state ( + 1) expected for the atoms with a dV configuration is 
very uncommon. It is doubtful if Cr* exists except when stabilized in a 
complex. Trisdipyridyl chromium(I) perchlorate [Cr(dipyridyl) 3 ]^ CI0 4 is 
known. Mo and W form sandwich-type structures such as (C 6 H 6 ) 2 Mo + and 
C 5 H s MoC 6 H ft where the metal is in the (4*1) state. 


ZERO STATE, (-1) AND (-II) 

The zero oxidation state arises in metal carbonyls such as M(CO) 6 , where 
the o bonding electrons are donated by the CO group to the metal, and 
strong dn-pn back bonding occurs from the filled metal orbitals. All three 
metals form octahedral carbonyl compounds of this type. They are stable 
and may be sublimed under reduced pressure. They are soluble in organic 
solvents. The bipyridyl complex [Cr(bipyndyl) 3 J is also octahedral. 

An unusual complex dibenzene chromium [Cr^QH,),] was made by 
E-O. Fischer in 1955. It forms dark brown crystals and has a sandwich 
structure similar to ferrocene, though it is much more air sensitive than 
ferrocene. Cr has a coordination number of 12. It was made as follows: 
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^pT^Z^HECHROMIUM GROUP 


3Cr CI, + 2AI + AICI, + 6C*H* — 3|Cr(n < ’QH 6 ) 2 r + 3|AIO«)' 

qatfwM* * NrfA + 4 ° H ' - 2(Cr(n6 - QH ‘ )2) + 2NajS ° 3 + 2H >° 

It may also be made by a Grignard reaction: 

CrQ, + 2 C 6 H 5 MgBr - [CitfWM* a_ + M « Br ^ + MgCl 2 

For work on this and similar organometallic compounds, Fischer was 
awarded the Nobel Prize for Chemistry in 1973, jointly with G. Wilkinson 
who did parallel work on cyclopentadienyl compounds. 

The t/c,H 5 compounds include complexes containing only one cyclo- 
pentadienyl ring, and in a similar way complexes are fornied with one 
benzene ring. For example, benzene tricarbonyl complexes for Cr, Mo and 
W, e g. [Cr(n 6 -C*H*)(CO)j), are yellow solids; the metal has a coordina¬ 
tion number of 9. The benzene complexes are more reactive and less 
thermally stable than their t) s -CjHj counterparts. 

The lower oxidation states occur in carbonyl ions: (-1) in [M 2 (CO)| 0 ] 2 ~, 
and f —III in |M(CO),l 2 " 


CHROMATES, MOLYBDATES AND TUNGSTATES 

The oxides CrO,. MoO, and WO, are strongly acidic, and dissolve in 
aqueous NaOH forming discrete tetrahedral chromate CrO}", molybdate 
MoO} - and tungstate WO}' ions. 

CrO, + 2NaOH -* 2Na + + CrO} - + H 2 0 


Chromates, molybdates and tungstates exist both in solution and as 
solids. Chromates are strong oxidizing agents, but molybdates and tung¬ 
states have only weak oxidizing powers. Molybdates and tungstates can be 
reduced to form the blue oxides. 

On acidifying, chromates Cr0 4 “ form HCr0 4 " and orange-red dichro¬ 
mates Cr 2 07 ~, in which two tetrahedral units join together by sharing the 
oxygen atom at one corner (Figure 22.8). HCr0 4 and C^O?" exist in 
equilibrium over a wide range of pH from 2-6. 

CrO* is precipitated from very concentrated acid (below pH 1). 

CrO}‘ - Cr 2 0}~ CrO, 

yellow orange 


Na 2 Cr 2 0 7 is the mosi important chromium compound, and is produced as 
one step in the extraction of chromium. Apart from that used in the 
extraction of the metal, 369300 tonnes were used in 1991 for chrome 
tanning of leather, making various lead chromes, for -anodizing' alumin¬ 
ium. and as an oxidizing agent. There is some evidence for further poly¬ 
merization giving a limited polychromate series. Trichromates Cr,Ofr and 
tetrachromates Cr„Of; have been found. 

When molybdate and tungstate solutions are acidified they condense and 
®' Ve , "“2T? ” ng ' of P°'ymolybdates and polytungstates. Below a pH 
WO o ° X l? l es are Precipitated. MoO, -2H,0 is yellow and 

' S Tw' ThC forma,ion of polyacids is a prominent feature of 
the chemistry of Mo and W. Other transition elements V. Nb. Ta and V 




chromate 


dichromate 


Figure 22.8 Chromate and dichromate ions. 


also form polyacids, but to a lesser extent. The polyanions contain Mo0 6 
or W0 6 octahedra, which are joined together in a variety of ways by 
sharing comers or edges, but not faces. The polyacids of Mo and W are 
divided into two main types: 

1. Isopolyacids, where the anions which condense together are all of the 
same type - for example all Mo0 6 groups or all W0 6 groups. 

2. Heteropoly acids, where two or more different types of anion 
condense together - for example molybdate or tungstate groups with 
phosphate, silicate or borate groups. 

The isopolyacids of Mo and W are not completely understood. They are 
very difficult to study because the extent of hydration and protonation of 
the various species in solution is not known. The fact that a solid can be 
crystallized from solution does not prove that the ion has that structure or 
even exists in solution. The first step in polyacid formation as the pH is 
lowered must be to increase the coordination number of Mo or W from 4 to 
6 by adding water molecules. The relationship between the stable species 

so far known is: 


oH 6 .a. pH J -5-2 9 

(MoO,|——► (MotOm) 6 * - 


normal 

molybdate 


paramolybdate 


IMogOtt) 4 ' PH < -» MoOj • 2H 2 0 

octamolybdate hydrated 

oxide 


Tie structures of the paramolybdate and octamolybdate tons haws been 
onfirmed by X-ray crystallographic studies of the.r crystalhne salts (F.gure 

2.9). 



22.9 Some molybdate ions. (From 
Aspects of Inorganic Chemistry, 4th ca.. 


ndeus and A.G. Sharpe, Modem 
Ise and Kegan Paul, 1973.) 


Rearmed oy oamcDcanner 





WO, • 2H 2 0 

Heteropolyions are formed if a molybdate or tungstate solution is 
acidified in the presence of phosphate, silicate or metal ions. The second 
anion provides a centre round which the Mo0 6 or W0 6 octahedra 
condense, by sharing oxygen atoms with other octahedra and with the 
central group. The central groups are often oxoanions such as P0 4 “, SiOj” 
compounds, and B0 4 ~, but other elements including Al, Ge, Sn, As, Sb, 
Se, Te, I and many of the transition elements will serve as the second 
group. The ratio of MoO* or W0 6 octahedra to P. Si, B or other central 
atom is usually 12:1, 9:1 or 6:1, although other ratios occur less 
commonly. A well known example of heteropolyacid formation is the test 
for phosphates. A phosphate solution is warmed with ammonium 
molybdate and nitric acid, and a yellow precipitate of ammonium 
phosphomolybdate (NH 4 ),[P0 4 • Mo, 2 0, 6 ] is formed. 

The structures of several heteropolyacids have been established. In the 
12-heteropolyacids, for example 12-phosphotungstic acid, 12 WO* octa¬ 
hedra surround a P0 4 tetrahedron. This ion may be considered as four 
groups of three WO* octahedra (Figure 22.10). 



Figure 22.10 12-polyacid. e.g. H,|P0 4 • W,,0*|. (From H.J. Emeleus and A.O- 
Sharpe. Modern Aspects of Inorganic Chemistry. 4th ed.. RKP. 197.1) 
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IV fc-Vteropolyaods acco mrT>oda . c . 

coordination number of 6. The arr ~ r cen,r>l a >°"w. which have a 
shown in Figure 22.11 leaves a central*^" 1 .° f *** Mo0 ' 1 ^"hedra as 
octahedron from the hetero atom amt arpe cnou ? h »« accept the 

• and has ***" found in KJ TeMoIo„|. 



22.11 6-polvacid. e g. IC4TeMo.O :i |. (From H.J. Emeleus and A.G. 
Sharpe. Modem Aspects of Inorganic Chemistry . 4th ed.. RKP. 1973.) 


TUNGSTEN BRONZES 

Tungsten bronzes were originally made by strongly heating sodium 
tungstate Na 2 W0 4 with WO* and H 2 . They are now made by heating 
Na 2 W0 4 with W metal, when blue, purple, red or yellow tungsten bronzes 
ire formed. These are semi-metallic solids which have a lustre and conduct 
electricity. They are very inert to both strong acids and strong alkali. They 
are used in the production of 'bronze* anJ 'metallic* paints. 

Tungsten bronzes arc nonstoichiometric compounds of formula M r WO*, 
where M is Na, K. a Group 2 metal or a lanthanide, and x is always less 
than one. The Na* or other metal ions occupy interstitial positions. The 
colour depends on the proportion of M present, and for the sodium 
compounds: x - 0.9 vellow or gold, x - 0 7 orange, x - 0.5 red, x - 0.3 
blue-black. The variable amount of Na* produces a defective lattice and 
»me of the sites which should V occupied by alkali metals are vacant. It 
•night be thought that for each Na* removed from NaWOj, one tungsten 
would change from W( + V) to W( + VI). The properties of the tungsten 

bronzes are better explained by assuming that all 'b* , “ n * s **" ***”| , ** r * J" 
'he (+V|) state. Thevalency electrons from the alkali metals are free to 

move throughout the lattice, giving metallic conduction^ Jj“ 

^creases with increased temperature at an ^a meta^. w|(h othe J 

°ctahedra joined together by sharing 
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octahedra. Further details of tungsten bronzes are given in Further 

^Molybdenum also forms bronzes similar to those of W. but a high 
pressure is needed to form them, and the Mo compounds are less stable. 
This may be because Mo(+V) is less stable than W(+V) or because ,he 
solid structure is different and contains MoO* octahedra joined by a 
mixture of corner and edge sharing with other octahedra. Lithium also 
forms bronzes, but these do not conduct electricity. 

BIOLOGICAL IMPORTANCE 

Trace amounts of Cr and Mo are necessary in the diet of mammals. 
Cr(+III) and insulin are both involved in maintaining the correct level of 
glucose in the blood. In cases of Cr deficiency, glucose is only removed 
from the blood half as fast as normally. Some cases of diabetes may reflect 
faulty metabolism of Cr. The most important medical aspect of Cr salts is 
that larger amounts either ingested or on the skin are carcinogenic. 
Compounds containing Cr(VI), e.g. dichromate and chromate, are 
particularly so. Thus care should be taken when performing titrations using 
K 2 Cr 2 0 ? or KCr0 4 . 5 

Mo is present in the catalysts of dinitrogen fixing bacteria. (The amount 

of dinitrogen fixed biologically is estimated at 175 million tonnes per year 

compared with a total of 110 million tonnes of NH S produced by the 

Haber-Bosch process and the distillation of coal.) The best known 

dinitrogen fixing bacterium is Rhizobium. This contains the metallo- 
enzyme mtrogenase. " IU 

Nitrogenase contains two proteins, molybdoferredoxin and azoferre- 
doxirL Molybdoferredoxin is brown, air sensitive, contains two Mo atoms. 
24 36 Fe atoms and 24-36 S atoms together with a protein and has a 

molecular weight of about 225000. Azoferredoxin is yellow air MnsitWe 
is a derivative of ferredoxin Fe.S.fSR \ a u ' sens,tlve ’ 

range 50000-70000 It is not • d h s a mo,ecu,ar weight in the 
occurs. It is though, ha T *T'l h ° W dinitro e e " Nation 

(whether end^n orrideway^n^s no, t thC 5 *°,' m m °'yWoferredoxin 

reduced it can probably bond to the antih^nT** V*. M ° “ Sufficiently 
Fe in azoferredoxin is reduced bv free °" 11,cn the 

is transferred from reduced azoferreH . rredox,n Fe 4 S 4 (SR) 4 . An electron 
via the Fe, then from the Mo to the n" d mol y bdof e"edoxin, possibly 
eventually giving NH V Aden«in. . u 2 ' r r0t0ns are then add «* 10 Nj, 
the necessary ATP » re< « ui « d » Provide 

reaction N 2 - NH,. but also reduces not specific for the 

kynes to alkenes, and cyanides. 
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Group 7 - 

the manganese group 


Table 23.1 Electronic structures and oxidation states 


Element 


Electronic structure 

Oxidation states* 

Manganese 

Mn 

[Arl 3 d\ 4s 1 

(-1)0(1) 11 (III) IV (V) (VI) VII 

Technetium 

Tc 

[Kr]4d Sr 1 

0 (II) (111) IV (V) VI VII 

Rhenium 

Re 

(Xel 4/ 14 5<f 5 fa 2 

0(1) (II) III IV (V) VI VII 


* The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 
in normal type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 6 


INTRODUCTION 

Manganese is produced in very large amounts, most of which is used in the 
steel industry. Urge quantities of Mn0 2 are also produced, and are used 
mainly for making ‘dry’ batteries and in the brick industry. KMnO, is an 
important oxidizing agent Mn(+HI) forms a basic acetate with an unusual 
stnicmre. Mn is biologically important and is necessary for photosynthesis. 
The elements technetium and rhenium are rarely encountered. Tltey differ 
from manganese in that they have little cationic chemistry their hieh 

f+III 'and f+m'f. mUCl ? m ° re S,ab ‘ e - and ,he option siates (+11). 

3«" V| ,0 ”- “■"po”"* wui. LJ: 


ABUNDANCE, EXTRACTION AND USES 

JStst :: a* in ,he -? s 

Jn^’r^kinS'deSing™^ MnO^'w ?*“ 

was 22.7 million tonnw in 1992 com?™* ^ W P roduclion of Mn ores 

The largest producers are the 5^vi. t n 8 abOUt 9 million lonnes of ^ 

Africa and Brazil 11% each J’T, 31 ’ 5 ” China 25% ' SoU * h 

’ Oabon 7% . India 6% and Australia 5%. 



1 


I 

I 



^^nce^extoaction an^Jsk 


Pure Mn is now obtained by electrniif*;* 

(Fonnerly it was made by reducing MnO or w qU ® ous . !' 4nS ? 4 solu,ions 
reaction, but the reaction with MnO, was Darbr^ 4 ‘ n 8 ,hermite 

little use for the pure metal. Ninety-five per cent 0 f fu V w ° em ) 11,erB is 
used in the steel industry to produce allovs R' 6 M " ° reS mined are 

important, and contains 80% Mn WorlH^nr ® oman 8 anesie >s the most 
W as3.4 million tonnes in 1991 It T ° f fc ™" a "g a "ese 

mixture of Fe 2 G 3 and MnO w th ^ bon . ' ,!, * he a PP ro P riate 

me furnace, with some 

as calcium silicate slag. Alloys with a lower m° VC SI icate ,m P unties 
lwrraima.,1, 65% Mn, 20% Si, 15%?")»0 "plgten 

in mu“ 8 SlT.* L 2 ,? M " «r “ 

ii. . 6 . ** a ^^nger (removing both oxveen and 

!**■' and Oiu, prennM, bubbln, and britll«nn») ,„d .n add'.^ il 

S c"h,^Hir y «“■»<« «««i. abon. .3% M^nd 
1.25/0 C It is very hard wearing and resistant to shock, and is used for 

rock crushing machinery and excavators.) Smaller amounts of Mn are also 

m Cu n °n? M US am M r example ' man 8 anin is an alloy containing 
84 /» Cu.12 A Mn and 4/o Ni. It is widely used in ciectrical instruments 

because its electrical resistance is almost unaffected by temperature. 

Table 23.2 Abundance of the elements in the 
earth's crust, by weight 



ppm 

Relative abundance 

Mn 

1060 

12 

Tc 

0 


Re 

0.0007 

76 


Technetium does not occur in nature, and was the first man-made 
dement. All its isotopes are radioactive, and its chemistry has only 
recently been studied. "Tc is one of the fission products of uranium. It is a 
P emitter with a half life of 2.1 x 10 5 years. It is obtained in kilogram 
quantities from spent fuel rods from reactors at nuclear power stations. 
The rods may contain 6 % Tc. These rods must be stored for several years 
to allow the short-lived radioactive species to decay. Tc can be extracted 
b y oxidation to Tc 2 0 7 which is volatile. Alternatively solutions can be 
separated by ion exchange arid solvent extraction. The Tc 2 0 7 can be 
dissolved in water, forming the pertechnate ion TcOT, and crystallized as 
ammonium or potassium pertechnate. Ammonium pertechnate NH 4 TCO 4 
be reduced with H 2 to give the metal. Tc metal has no commercial 
uses. 97 Tc and 98 Tc can be made by neutron bombardment of Mo. Small 
founts of Tc compounds are sometimes injected into patients to allow 
radiographic scanning of the liver and other organs. 

Rhenium is a very rare element, and occurs in small amounts in molyb- 
dcn um sulphide ores Re is recovered as Re 2 0 7 from the flue dust from 
lasting these ores. This is dissolved in NaOH, giving a solution containing 
P^rrhenaie ions Re07 The solution is concentrated and then KC1 added 

4 ‘ continued overleuf 
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to precipitate potassium perrhenate KRe0 4 . The metal is obtained by 
reducing KRe0 4 or NH 4 Re0 4 with hydrogen. World production was only 
32 tonnes in 1992. Most of it is used to make Pt-Re alloys which are used 
as catalysts for making low-lead or lead-free petrol for cars. Small amounts 
are used as a catalyst for hydrogenation and dehydrogenation reactions. 
Because of its very high melting point (Table 23.4) it is used in thermo¬ 
couples, electric furnace windings and mass spectrometer filaments. 


OXIDATION STATES 


The electronic structure for this group of elements is «/V. The highest 
oxidation state of (+VII) is obtained when all these electrons are used for 
bonding. Mn shows the widest range of oxidation states of all the elements, 
ranging from (-III) to (+VII). The ( + 11) state is the most stable and mosl 
common and Mn 2+ ions exist in the solid, in solution and as complexes. 
However, in alkaline solution Mn 2+ is readily oxidized to Mn0 2 . The 
(+IV) state is found in the main ore pyrolusite Mn0 2 . Mn(+VII) is well 
known as KMn0 4 . This is one of the strongest oxidizing agents known in 
solution, and is stronger than Cr(+VI) in the previous group. Mn(+Ill) 
and Mn(+VI) tend to disproportionate. The lower oxidation states exist as 
carbonyl compounds or as substituted carbonyl complexes. 

In contrast to the highly oxidizing properties of Mn( + VII), the ( + VI1) 
state is the most common and most stable for Tc and Re. Tc( +VII) and 
Re(+V!l) show only slight oxidizing properties. The ( +VI) state tends to 
disproportionate and is not well known. The ( + V) and ( + IV) states forTc 


Table 23.3 Oxides and halides 



MnF 2 

MnCI 2 

MnBr 2 

Mill, 


Oxidation states 

MU) 

( + IV) 

( + V) 

Mn 2 0^ 

Mn0 2 


-. 

Tc0 2 

_ 

Re 2 0, h 

Re0 2 

(Re 2 O s ) 

MnF, 

MnF 4 



TcCl 4 


TcF< 


(+VI) ( + VII) 


TcO, 

ReO, 


TcF 4 

(TcCI,?) 


Mn 2 0 7 

TcjO, 

RfjO, 


Others 

Mn*0 4 


(ReCl 2 ) 

(ReBr 2 ) 

(Rel 2 ) 


ReCI, 

ReBr, 

Rel, 


ReF, 

ReCI, 

ReBr 4 

RcI 4 


ReF, 

ReCI, 

ReBr, 


ReF, 

(ReCI,?) 


The most stable oxidation states arc shown i 
h = hydrous oxide. n 


ReF 7 


in bold, unstable ones in brackets. 
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PROPERTIES 



•nd Rc h^vc an extensive chemistrv xttt\ • . 

farm cluster compounds with m Ti 1S also stable and the halides 

form cluster compounds with metal-metal bonds. The (+U) and lower 

oxidation states are uncommon and are strongly reducing 

Thus on descending the croun th« • . 

highest oxidation state and also a decrease in s'tahT^ ' f n . s,ablllty of the 

•me stability of the vinous states is shown in Table 23.3. The tendency to 
disproportionate is shown in the reduction potentials. 

STANDARD REDUCTION POTENTIALS (VOLTS) 



Oxidation state 

+vn 


Add solution 


+VI 


+IV 


+III 


MnO; MnO|- 


+ 1.69 


112. MnO; 1121 M„» HU M„’* llil 


+ 1.23 


+ 1.51 


+0.272 


Tco; 


+0.698 ^ ^ , +0.757 l „ 
(TcO\) TcOj 


0.144 


* 2 + +0.400 ' 
Tc 2 -Tc 


-0.737 


+0.50 


+0.251 


ReO; 


- +0.734 _ ^ +0.425 _±L21 p„3+ 


+0 300 


ReO^ 


- ReO : 
+0.318 


+0.422 


* Disproportionates 

Potentials involving Tc0 3 are calculated va ues 


GENERAL PROPERTIES 

Mn is more reactive than its ne| ghbours^n Jhe^per^ ^ acids, me 

slowly with H 2 0, liberating H 2 . an thc ma ssive metal does not 

finely divided metal is pyrophoric in‘ ’ massive metal reacts with 

react unless heated. When strong y ^ ^ forming Mn 3 0 4 , Mn 3 N 2 , 
many non-metals such as 0 2 , N 2 . 2 me |tine point of the metal is 

MnClj and a mixture of MnF 2 and , M "f^™ elementsTi, V and Cr. It is 
appreciably lower than for the earlier nrst r 
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unusual in that it has four different solid structures (a or body-centred 
cubic, cubic close-packed, p. and x)* a form is stable at room 
temperature and has a body-centred cubic structure, (See Chapter 5.) 

Tc and Re metals are less reactive than Mn. They do not react with H 2 0, 
or non-oxidizing acids. They do not dissolve in HC1 and HF, but they react 
with oxidizing acids such as concentrated HNO 3 and HjSO^ forming 
pertechnic acid HTCO 4 and perrhenic acid HRCO 4 . (This is not the usual 
reaction of acid 4 metal to give a salt 4 H 2 . For example, with 
concentrated HNO 3 , the N0 3 " ion is a stronger oxidizing agent than H 3 0*, 
and N0 2 is evolved.) Tc and Re undergo similar reactions with H 2 0 2 and 
bromine water. The massive metals tarnish (oxidize) slowly in moist air, 
but the powdered metals are more reactive. Heating with 0 2 gives Tc 2 0 7 
and Re 2 0 7 which are both low melting (119.5°C and 300°C respectively) 
and volatile. Heating with F 2 gives TcF 5 and TcF 6 , and ReF* and ReF 7 . 


Table 23.4 Some physical properties 



Covalent 
radius 

(A) 


Melting 
point 
(°C) 



Density Paulings 
electro- 
(gem -3 ) negativity 



Mn0 2n -^n°d n MnO mP r UIldS ° f kn ° Wn includin S Mn 2 *, Mn 3 -, 

MnO, and Mn0 4 In contrast Tc and Re have virtually no aoueous ionic 

C Re e I^a aP markTtrnd 0X0i0nS I 007 ”* ^ ^ dements Tc and 
oxidation states (+11). (+,")) and F J™ v ™ e,a| - me,a ‘ bonds « >owe. 

Fordtis r MS’ , i l e f0r f 1 ^ 

The basic character of an element /s ° f,e " * dded 10 
Low oxidation states are more basic and ox,dation s,a,e 

acidic. MnO and Mn.O, are h 3 « d ^ gh ox,da,,on s,ates are mort 

amphoteric and does no’, exist as M„- Z ZnUVY* T* M "° J “ 
Mn(+VI) is represented hv ° s Mn ( +v )« rather uncommon 

regarded as a "g “ This may b. 

•n the free state. Mn(+Vl|) occurs as K ? n ° v wh,ch does n0 ‘ exB 

corresponding acid, permanganic acki^M^^ “ S ‘ r ° ngly addiC ™ 
Almost all manganese comijound, HM "°+ » a very strong acid. 
MnO : is black. bLh £227? C ° , ° UrCd Mn ^ ,s ^ P ink ' aW 

state has a ^’configuration and would »T i,nS,, ' 0n$- The (+VI,) oxkto " 0 ' 

perrhenates ReO; containing R ( . ^. expetted 10 colourless. Whib 
Mn0 4 ' containing Mnf + Vllt . • 1 are colourless, permanganate 

colour arises from charge transfer imensely loured. The purple-Wad 


a i ii icu uy oai i looai n ic 


lower oxidation states 


jy(n resembles iron in its physical and chemical properties. Mn is harder 
gild more brittle than iron, but melts at a lower temperature (Mn = 
1244 °C, Fe = 1535 °C). All three metals Mn, Tc and Re are usually 
obtained as grey powders, but in the massive form they look like platinum, 
gc has the second highest melting point of all the metals (W = 3380°C; 
R c » 3180 °C). 

Manganese is quite electropositive and dissolves in cold dilute non¬ 
oxidizing acids. It is not very reactive towards non-metals at room 
temperature, but reacts readily on heating. 

Mn is much more reactive than Re. Similar behaviour is observed in 
adjacent groups: Cr is more reactive than W, and Fe more reactive than 
Os. This decrease in electropositive character is opposite to the trend 
shown in the main groups of the periodic table. In addition. Re tends to 
attain a higher oxidation state than Mn when they both react with the same 
clement. A comparison of some of the reactions of Mn and Re is given in 
Table 23.5. 


Table 23.5 Some reactions of manganese and rhenium 


Reagent 

Mn 

Re 

n 2 

Mn*N 2 formed at 1200°C 

No reaction 

c 

Mn,C 

No reaction 

h 2 o 

Mn 2 * + H, 

No reaction 

Dilute acid 

Mn* 4 + H 2 

No reaction 

Strong acid 

Mn 2 * + H 2 

Dissolves slowly 

Halogens 

MnX 2 and MnF^ 

ReFf,, ReCIs, ReBr* 

S 

MnS 

ReS 2 

o 2 

Mn,0 4 

Re 2 C>7 


Group 7 (manganese group) elements have seven outer electrons, but 
the similarity to Group 17 elements, the halogens, is very slight except in 
the highest oxidation state. Mn 2 0 7 and C1 2 0 7 may be compared; MnO, 
and CIO, are isomorphous and have similar solubilities, and I0 4 and 
ReO; are quite similat. There are much closer similarities between Mn and 
its horizontal neighbours Cr and Fe. The chromates Cr0 4 , manganates 
Mn0 4 ‘ and ferrates FeOj" are similar. The solubilities of the lower oxides 
are also similar, which accounts for the occurrence of iron and manganese 
together. 


LOWER OXIDATION STATES 

The (-1) oxidation state is found in the car^ n yla.e an , on |Mn(CO),|-. 

T* zero-valem s ,a,< z»M S » 

and as a coordination complex K*[Mn( /m 


highly reducing. 

Mn( + I) and Re( + I) are only 
reducing. 


obtained with difficulty and are strongly 
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Kin liquid NHi I/Y-xn 1 

K 3 [Mn ,n (CN) 6 ]-- K 5 [M" (CN) 6 J 

Q, under pressure rI) 

[Re 2 (CO)io] --* 2 f Re C ° ^ C 

The cyano complex Na 5 [Mn'(CN) 6 ] is formed by dissolving powdered Mn 
in aqueous NaCN in the complete absence of air. 


(+11) STATE 

Mn(+II) salts (often called manganous salts) can easily be made from 
Mn0 2 . 

Mn0 2 + 4 HCI -> MnCl 2 + Cl 2 + 2H 2 0 

2Mn0 2 + 2H 2 S0 4 — 2MnS0 4 + 0 2 + 2H 2 0 

Most Mn(-fll) salts are soluble in water and form hydrated Mn 2 * ions, 
but Mn 3 (P0 4 ) 2 and MnC0 3 are sparingly soluble. [Mn(H 2 0) 6 ] 2 * ions are 
pink. They are also formed by dissolving the metal in acid, or by reducing 
higher oxidation states. Small amounts of MnS0 4 are added to fertilizers, 
as Mn is an essential trace element for plants. Adding NaOH or NH 4 OH to 
a solution of Mn 2 * ions gives a very pale pink gelatinous precipitate of 
Mn(OH) 2 , which turns brown-black due to oxidation to Mn0 2 . The 
standard electrode potentials show that this cannot occur in acid solution, 
but occurs easily in basic solutions. 


Oxidation state 






+VII +VI 

+v 

+ IV 

+m 

+n 

0 


Acid solution 


Mn 07 _ +2 - 26 


MnO, 


+0.95/, w + 1.51 , -I 19 

MnO?-Mn + - Mn 2 * 


Mn 


Basic solution 

M„0 4 - — Mnoj-— MnOj-^MnO,-±2J Mn ’* - 02 


-+0.56.. .,.+027 * .+0.93. 


* _ 


= Disproportionates 


Mn(OH) 2 -^Mn 


^shelL^u/Mn'^^more ttable 0 ^^ 5 "t"* corres P° nds a half fille< 

jssessej?, h r * »— 1 arc 

stabilization energy (see Chanter 7t I s . drran 8 emeM ' gives zero crystal field 
and(MnCUr ™ SUCh85 

ligands are more stable and lMnf«k i T"' Complexes with chelating 
Md(M..EDTA|- a ‘ SSr'”’’ 1 ' 

transition in a^igh-spin comply , colours ™s is because a d-d 

P requires not only the promotion of an 


11 iv/u kj y 


WUUI 


W UI I I WUUI 


U I 




(spin Iree) (b) low-spin p 5 arrangement 

(weak ligands) (spin paired) 

(strong ligands) 

Figure 23.1 High- and low-spin arrangements in octahedral crystal field. 


electron from the t 2 g level to the e g level, but also the reversing of its spin. 
The spin selection rule states that when promoting an electron its spin may 
not be changed. The rule is only partially obeyed, but the probability of a 
transition where the spin is changed is low. Such transitions are termed 
spin forbidden. Because the probability of a spin forbidden transition is 
small, the colour is only about one hundredth the intensity of those 
observed in most normal spin allowed transitions. (It must also be 
remembered that all d-d transitions are forbidden by the Laporte selection 
rule. This states that when promoting an electron the change in the 
subsidiary quantum number / must be ± 1 , so s —► p or p —* d transitions are 
allowed but not d. This selection rule is less restrictive as it is possible 
to get round it if the complex is not symmetrical, or by the mixing of 
orbitals, or by thermal motion of the ligands. These are discussed in 
Chapter 32.) Details of crystal field splitting of the d levels are given in 

Chapter 7. .... 

Strong field ligands may force the electrons to pair up, giving a spin 

paired complex. The only common spin paired complex of Mn is 
(Mn(CN),,) 4 ~ which has only one unpaired electron (Figure 23.1). 
K 4 [Mn(CN)J • 3H 2 0 is blue in colour, and has the same structure as 
K.(Fe(CN) 6 ] Similarly, [Mn(CNR) ft p and (Mn(CN), - NOp" have a sp.n 
paired or low-spin arrangement with only one unpaired electron. The low- 
spin arrangement is a slightly more stable arrangement than the high-spin 

A 0 from filling five electrons into^‘^'"V.wodectron spins. The low'-spin 
cancelled out by the energy ne ^ bg oxjdized very readily because 

complexes are rnorereac.^eTh y of energy and thus 

removing an electron removes o complexes can also 

increases the crystal field JP ^ ^ 

be reduced fairly readily, sine 
symmetrically. 

zn fMn n fCN)J 4 ”—""—* [Mn m (CN)f,) 

[Mn (CN)*]''“ «- l Mn (C " W oitd.lK>n 

reduction- 

< , w A electronic transitions are spin permitted and 

In low-spin d 5 complexes, d-d . d 

the compounds are quite strong y 
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GROUP 7 - THE MANGANESE GROUP 


A few examples of square planar complexes arc also known, including 
A few examples 01 sq r contains square p anar 

Mn phthalocyanme, and MnSOj w,m p " dr 

'^The^halide complexes [MnCU] 2 '. [MnBr,]*; and [Mnl^ are tetra¬ 
hedral and are green-yellow in colour. In solution they add two molecules 
of water or two halide ions to form pink coloured octahedral complexes. 
These octahedra can polymerize by means of halide bridges 

Re( + ll) is not ionic, and is found only in a tew complexes such as 
[Re(pyridine) 2 CI 2 ]. This has been resolved into cis and trans isomers, 
showing that it is square planar rather than tetrahedral. 


(-hill) STATE 

Mni0 4 is black in colour and is the most stable oxide at high temperatures. 
It is formed by heating any oxide or hydroxide of Mn to 1000°C. It contains 
both Mn( + ll) and Mn( + III), i.e. (Mn 11 • Mn 2 n 0 4 ), and has a spinel 
structure. The O atoms are close packed with Mn( + III) in octahedral holes 
and Mn( + II) in tetrahedral holes. 

The hydrated manganic ion [Mn(H 2 C>) 6 ] 3> can be obtained in solution 
by electrolysis, by oxidizing Mn 2 + with potassium peroxodisulphate 
K 2 S 2 Ok, or by reducing Mn0 4 ". It cannot be obtained in strong con¬ 
centrations partly because water reduces Mn u to the very stable Mn 2+ 
(which has enhanced stability due to the d s configuration). Mn -,+ dis- 
proportionates in acid solution (see the standard reduction potentials) A 
smaM number of Mn’* salts are known, e.g. MnF,, Mn 2 (S0 4 ), and the 
ox.de Mn 2 0,. These disproportionate in acid and hydrolyse in water. 

2Mn'* + Mn 2 * + Mn ,v 0 2 + 4H* 

Mn' 1 + 2H 2 0-- MnO OH + 3H* 

octahedral anThigh^pin wilh magnet?^ S ° lu,i ° n - Mosl com P lexes are 

value of 4 90 BM for four ,inn ■ , 8 . el c mornen, s close to the spin only 

which is found in alums 

acetylacetone complex IMntar.ri I k (SOj)2 ' l2H, °- and in the 

distorted octahedron. The Jahn-Teller ih* CryS ' al S,ruc,ure is a sli 8 h,| y 

of the shape, as the electronic structure is u'T, * SM8h ' dis,or,ion 

symmetrically filled This dictnrt- * and the e K level is not 

<V; “.‘S: '°! hM T" k Cr* «* 

during permanganate -oxa.a^Xl [ n ? , " ( k l Xa,: ‘ ,e )‘! , - -X ^ formed 
calculations which are based nn . S bs wou ^ upset analytical 

ever, the oxalate complex's, hermit redUC,i °" ° f Mn ° d ‘ to Mn 2 *. How- 

at about 60°C to decompose the c ^ u J 1sta ^* e so ! be titration is performed 
The complex K*|Mn m (CN) 1 j s f ™ P ** 
solution containing Mn 2 * and KCN When _‘ r is bubblecl through a 
ligand, it causes spin pairine anH »k ^' nce acts as a strong field 

•ng. and the complex is low spin. The electronic 
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structure is (Jz*) 4 the e„ level is symmetrically filled, and the complex 
ion is a regular octahedron as expected, complex 

Manganese forms an unusual basic acetate when •„ •., , 

with KMn0 4 in glacial acetic acid the , . ls oxldlzec) 

fW n / rH COO^ 1* fCH mm- com P° un d has the formula 

Mn 3 U(CH 3 i~uuj 6 j • COO] and is a rWn j 

solid. It is used industrially for the oxidation of toluene C H ‘oTto 

phenol C h H,OH. It will also oxidize a.kenes to lactones and itSs d 

as the starting material for making many Mn( + III) compounds. The 

structure is unusual and cons.sts of a triangle of three Mn atoms with an 

O atom at the centre. The six acetate groups act as bridges between the 

Mn atoms - two groups across each edge of the triangle. Thus each Mn 

atom is linked to four acetate groups and the central O, and the sixth 

position of the octahedron is occupied by water or another ligand giving 

MniOfCfTCOO^L,] . This type of carboxylate complex is formed by 

the trivalent ions of Cr, Mn, Fe, Ru, Rh and Ir. A similar preparation in • 

sulphuric acid gives an intensely red coloured solution. This is thought to 

contain a very similar sulphate complex with SO?' groups acting as 

bridging groups. The solution is as strongly oxidizing as KMnO, and at one 

time it was used as an alternative oxidizing agent for use in sulphate 

solutions. 

Mn( + III) and Mn( + IV) complexes are involved in the release of 0 2 
during photosynthesis. 

Tc(+III) is unstable but Re 2 0 3 • (H 2 0)„ and the heavier halides are 
known. The halides are trimeric and (ReCI 3 ) 3 and (ReBr 3 ) 3 are dark red 
solids and (Rel 3 ) 3 is black. Their structure consists of a metal atom cluster 
in which three Re atoms form an equilateral triangle (with formal double 
bonds between the metal atoms). Three halogen atoms act as bridging 
groups along the edges of the triangle, and the remaining six halogen atoms 
are coordinated two to each Re. An isolated Re 3 X 9 unit is shown in Figure 
23.3a. There is one unfilled coordination position on each Re atom, 
marked L. In the solid this is filled by further halogen bridging with other 
Re 3 X 9 units, giving a polymer (Figure 23.3b). The trimeric structure is very 
stable, with Re-Re distances of 2.48 A, and this structure remains even in 
the gas phase at 600 °C. This structure also forms the basis of the structure 
of many Re( + III) complexes, where three additional groups L are added 

to the isolated Re 3 X 9 unit (Figure 23.3c). 

The simplest explanation of the double bonds between Re atoms is that 

each Re has nine atomic orbitals available for bonding (five d one s, and 

three p). The metal is surrounded by five ligands, leaving four unused 

orbitals Assuming the unused orbitals are pure d or mainly d '" character 
AMuiiinig n hnndint? If these are de ocalized 

there are 12 atomic orbitals for Re-Re bonding^ n 

. , , -m k P civ bonding MOs and six antioonoing 

over the three atoms there will be six ® e i ectron}i can 

MOs Each Ret+ 1111 has a </ configuration: hence the 12 electr 

mus. tach Re(+lll) nas dj to doub | e bonds between each 

enter the six bonding MOs, corresp , ns ar e paired, the clusters 

of the three Re atoms. Since all 'tetfound experimentally, 
should be diamagnetic, and this h d HC , or HBr , one , two 

If R ei Clu or Re,Br, is dissolved in concenira. 



Figure 23.2 Structure of 
[Mn 3 0(CH 3 C00) 6 (H 2 0) 3 p 
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(+IV) STATE 


or three halide ions may be added to the isolated r, v . .. ... 
complex siich as K(Re,Br 10 ]-. K 2 *[Re 3 Br T~ltdAT 
t* obtained from solution. It is also possible to ob Jn Re X 3H ol* 

8 ^ m ° re ,abi ' C ’ U more active than £ bndfng 

trrOUDS- & 6 
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groups. 
A 


pg - 

r edu^ t b)^H*o e r n Mdhim 0 hy^pbo^jlg e ^j^ 0 ^ ) e< *^ e ” P e J^ r | lena, ff are 

STaJ^itSi" or lRezBr81 

Eft a Reira°o uni,s 



Figure 23.4 Structure of [Re 2 Cl 8 ] 2 ~ ion. 

The metal-metal bond length is very short, and is interpreted as a 
quadruple bond. If the Rc—Re bond points along the z axis, the square 
planar ReX 4 unit uses the 5 , p x , p y and d x 2 _y orbitals for a bonding to the 
X atoms. A o bond between the two Re atoms will have contributions 
from the p z and d z i orbitals which lie along the axis. With the eclipsed 
conformation the d„ and d yl orbitals on the two Re atoms overlap 
sideways, forming two n bonds. Finally the d xy orbitals which lie in t e 
two ReX* planes overlap with each other, giving a 8 bond. 


(+IV) STATE 

Very few Mn(+IV) compounds are known. However, MnOj is the most 
important oxide in the group, and is commercia y ' w q on 

1 .. many <*» 

pyrolusite. It has the rutile structure wr 
oxides of formula MO 2 - It can be ma e as o 


1 . 

2 . 

3. 

4. 


eating Mnin + 0 2 _ heating Mn(N0 3 ) 2 6H 2 0 in 

xidtzing Mr. , for ex ^P ; o , , ic oxidation of Mn"S0 4 . 
pure Mn0 2 is made byJ -Arecipitated from solution 

inning permanganate t.tr v 

M.O.- + WO ♦ 3. - MnO, .-oh £ 


air. 

when 
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mu 


Hydrated Mn0 2 has some cation-exchange properties, and if it is de¬ 
hydrated it loses some 0 2 , forming a nonstoichiometric product. 

Mn0 2 does not react with most acids unless heated. It dissolves in 
concentrated HC1, but does not form Mn( + IV) in solution. Instead it 
oxidizes Cl - to Cl 2 , and is itself reduced to Mn . Scheele discovered Cl 2 
using this reaction. 


MnO? + 4H+ + 4C1 


+ 2 cr + Cl 2 + 2H z O 


This was the commercial method of producing Cl 2 until electricity became 
commercially available and electrolysis became the preferred method. This 
reaction is still used to produce Cl 2 in the laboratory if cylinders are not 
available. Mn0 2 oxidizes hot concentrated H 2 S0 4 in a similar way, 
liberating 0 2 . 

2Mn0 2 -l- 2H 2 S0 4 -► 2MnS0 4 + 0 2 + 2H 2 0 

Fusing Mn0 2 with NaOH gives sodium manganate(VI) Na 2 [Mn0 4 ]. This 
is a dark green colour and is oxidizing. 

MnF 4 is formed by direct reaction between Mn and F 2 . It is blue 
coloured and unstable. It is the highest halide formed by Mn. A few (+IV) 
complexes are also known including K 2 [MnF h ], K 2 (MnCU, K 2 [Mn(CN)J 

and K 2 (Mn(IO,)ft]. This is the highest oxidation state in which Mn forms 
complexes. 

Over half a million tonnes per year of MnO, is used in ‘dry batteries’ 
Leclanche cells). This must be very pure, and is produced electrolytically 

SlouSc I 8 ' M "° 2 are a,so used in ,he bfi «=k industry to 

. . . ed or brown - It is used to make red or purple glass MnO, is 

used m the production of potassium permanganate: 8 2 

MnO 4 - k-Mn fuse in NaOH 

MnU 2 + KNO,-- K 2 Mn0 4 + NO 

K 2 Mn0 4 + H-.Q —°' ylK . - .. 


KMn0 4 + KOH + H- 


alcohols and otheAompounds" 8 a8en '° rganic chemis,r y- f °r oxidizing 


CaH,CH, + 2MnO, + 2H,SO, 

toluene - •* 


C ft H 5 CHO + 2Mn,S0 4 + 3H.0 

hcnzaldchydc 


2C 6 H 5 -NH 2 -t- 4Mn0 2 + 5H 2 S0 4 


+ (NH 4 ) 2 S0 4 + 4MnSO, 

+ 4H 2 0 


O 

quinhydronc 


— ^ '’’" ^ifggFnTT nnr ~ 


(+IV) STATE 


747 


M „0 2 is used as a catalyst in the preparation of dioxygen from KCIO,. If 
KC'O^'^heated to a temperature of 400-500 °C it decomposes and evolves 
0 2 . With Mn0 2 present decomposition occurs at 150 °C: The product is 
contaminated with Cl 2 or C10 2 . 


2KCI0 3 — 2KCI + 30 2 

The ( + IV) state is the second most stable state for both Tc and Re. The 

oxides Tc0 2 and Re0 2 are black and brown respectively, and can be made 
in a variety of ways: 


1. By burning the metals in a limited amount of dioxygen. 

2. By heating the heptoxides M 2 0 7 with M. 

3. By thermal decomposition of the ammonium salts NH 4 M0 4 . 

4. The hydrated oxides are conveniently made by reducing solutions of 
Tc0 4 or Re0 4 with Zn/HCl. These may be dehydrated by heating. 

Tc0 2 is insoluble in alkali, but ReO z reacts with fused alkali, forming 
rhenites ReO^ . Both oxides have a distorted rutile structure. The metal 
atoms in adjacent octahedra are displaced from the centre, giving a 
substantial metal-metal interaction like that in Mo0 2 and W0 2 . 

The sulphides TcS 2 and ReS 2 are both known. Rhenium sulphides are 
effective catalysts for organic hydrogenation reactions, and have the 
advantage over Pt that they are not ‘poisoned’ by sulphur compounds. 

TcC1 4 lias a solid structure of TcC1 6 octahedra linked into a zig-zag chain, 
similar to ZrCl 4 . It is paramagnetic, and there a.e no metal-metal bonds. 
All four ReX 4 halides are known. ReCl 4 can be prepared as follows: 


2ReCI 5 + SbCI 3 — 2ReCI 4 + SbCI, 

It is metastable and reactive, and has a structure based on cubic close- 
packed chlorine atoms. The Re atoms occupy one quarter of the octa 
hedral holes but occur in pairs of adjacent octahedra, forming metal-metal 
bonds with a Re-Re distance of 2.73 A. . .. 

Many complexes are known. [ReCI*) 2 ' is octahedral, and is obtained by 
reduction of KRe0 4 : 


Re0 4 or Tc0 4 


cone HC I 
-► 

+ KI 


[M lv Cl ft ) 2 ' 


[ReCUl 2 ' is hydrolysed in water: 

(ReCI,,) 2- + H 2 0- Re0 2 -(H 2 0). 

ixxp l 2 ' IMBul 2 'and IMIftl 2 'are made from 

The other halide complexes |MF„) ■ 1 acid i Re F h | 2 - is stable in 

the hexachloride and the appropria 8^ [^, 12 - with KCN. Tc 

water. Cyanide complexes are for ^ ^ fQrms [ Rc v (CN)k |J- | n 

forms (Tc 1 (CN) ft | 2 • Re I s ° ( |e of ( + V) and a coordination number 

■" “"S, y J-l. 

of 8, and the structure is proba y 
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NaBiO, In qualitative analysis the presence of manganese « confirmed by 
treating the 'solution with sodium bismuthate when the purple colour of 

Mno/ is obtained. Permangan ites can al ” * by 

manganates, when they dispropo tionate into Mn0 4 and MnO z , but the 

yields are not good. , 

The permanganate ion has an intense purple colour. Mn(+VII) has a 

d° configuration, so the Colour arises from charge transfer and not front 
d-d spectra. 

KMn0 4 is used as an oxidizing agent in many organic preparations 
including the manufacture of saccharin, ascorbic acid (vitamin C), and 
nicotinic acid (niacin). It is also used for treating drinking water. (It 
oxidizes and thus kills bacteria, but does not leave an unpleasant taste as 
does Cl 2 .) 

In contrast to the scarcity of Mn( + VII) compounds, Tc( + VII) and 
Re(+VII) occur in several compounds. These include the heptoxides 
M 2 0 7 , heptasulphides M 2 S 7 , MO 4 ions, oxohalides, a hydride complex 
MHj" and ReF 7 . These are only slightly oxidizing and are relatively stable 
compounds. 

The oxides Tc 2 0 7 and Re 2 0 7 are formed when the metals are heated in 

air or dioxygen. They are both stable yellow solids. Tc 2 0 7 melts at 120°C 

and Re 2 0 7 at 220°C, in contrast to Mn 2 0 7 which is an explosive oil TciCK 
is more oxidizing than Re 2 0 7 . * 7 

•H°ux OX A deS diSSOl ! e in wa,er and form colou rless solutions of pertechnic 

aCid K HRe ° J , A «°" d form of penCSS 

exists as H.ReO, (compare with periodic acid HI 0 4 and H.ICM The ncr 

oxidizing agent. TcO; and ReO: show mild ! ,on ls a powerful 

difference is illustrated by their reaction with H Sn 

S. and is itself reduced to Mn’\ whereas KTVn K ^ n ^ OXldueS H ^ S, ° 
sulphides Tc 2 S 7 and Re,S 7 . Tc 0 4 and KRe0 4 precipitate 

TcO; ,„d „,o.- „ 

coloured due lo cLr;e J' 0 | l ' d The Mn ° ; ion « deep purple 

ReO; are colourless, as the charge tran f " ?° ntrast solutions of TcO; and 
•he UV region. However solu.Xs ° CCUrS a ‘ h '8 h « energy in 

they are concentrated, and HTcO hack. 4 become yellow-green when 

colours arise because the tetrahedral D„A en . 1S ° laled as a re d solid. These 
when undissociated HO-R e (v is f ,on becomes less symmetrical 

concentrated solution shows lines due ‘,f nd ,he Raman spectrum of the 
The elements in this group d^ form h add 
potassium pertechnate KTcO, or no., m bmary hydnde s However, when 
with potassium in ethylenediamine nT"? perrhena ‘ e KRe0 4 is treated 
plexes K,|TcH,| and K : [ReH,,l ar e fo e '^ anol,c solution, hydrido com- 
trigonal prism, that is a trigonal prism "Tifh Th ' S,ruc,ure is a "'-capped 

an extra group pointing out of 


further reading 



Figure 23.6 Structure of the enneahydndiorhenium(VIl) ion [ReH Q ] 2 ' 

each of the three rectangular faces (Figure 23.6). The proton magnetic 
resonance spectrum of this ion rather surprisingly shows.a single sharp line. 
This suggests that the H atoms are equivalent. This suggests that the H 
atoms undergo a very rapid intramolecular site exchange. 

When Re is heated with fluorine ReF 7 is formed, but Tc only forms 
TcF*. ReF 7 and IF 7 are the only heptahalides known throughout the 
periodic table, and both have a pentagonal bipyramid structure. Several 
oxohalides can be made by treating the oxides with the appropriate 
halogen, or ReF^ with dioxygen or water These include ReOF 5 , Re0 2 F 3 , 
ReO,F. ReO,CI. TcO>F and TcO^G The oxohalides are all pale yellow 
or colourless compounds which are either low-melting solids or liquids. 


BIOLOGICAL IMPORTANCE 


Mn 11 is important in both animal afid plant enzymes. In mammals the 
enzyme argmasc is produced in the liver This is important because it 
converts nitrogenous waste products into urea in the ornithine - arginine- 
citrullinc cycle (discovered by Hans Krebs who also discovered the 
tricarboxylic acid cycle). The urea is carried by the blood to the kidneys. 


where it is excreted in urine 

Mn is an essential trace element for plant growth 

fertilizers in parts of the w 
essential in a group of enzymes called phosphotransferases. 


It is added to 
orld where there is a deficiency in the soil. It is 


i 

' 


i 
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Group 8 — the iron group 



IRON, COBALT AND NICKEL GROUPS 


Iron 

Fe 

Cobalt 

Co 

Nickel 

Ni 

Ruthenium 

Ru 

Rhodium 

Rh 

Palladium 

Pd 

Osmium 

Os 

Iridium 

lr 

Platinum 

Pt 


These nine elements made up Group VIII in the old Mendeleev periodic 
table. They are now treated as Groups 8. 9 and 10 (in vertical groups or 
triads ) in the same way as the other transition elements: 


Group 8 

Group 9 

Group 10 

Fe 

Co 

Ni 

Ru 

Rh 

Pd 

Os 

lr 

Pt 


However, the horizontal similarities between these elements are greater 
than anywhere else in the periodic table except among the lanthanides. As 
a consequence of the lanthanide contraction, the second and third rows 
of transition elements are much alike. Because of this, the horizonta 
similarities are sometimes emphasized by considering these e emen s 
as two horizontal groups: the three ferrous metals Pe. Co and Ni, and the 
six platinum metals Ru. Rh. Pd. Os. Ir and Pt. 



INTRODUCTION TO THE IRON . . . 

... , han an y other metal, and steel making is of 
Iron is used in larger quantities '\d Iron is also the most important 

immense importance throughout t e 



Scanned by (JamScanner 






754 


GROUP 8 - THE IRON GRO UP_ _ j 


Table 24.1 Electronic structures and oxidation states 


Element 

Electronic structure 


Oxidation states* 

Fe 

| Ar| V 4r 

0 

II III (IV) (V) (VI) 

Ru 

|Kr| 4</ 7 5.v' 

0 

II III IV (V) VI (VII) VIII 

Os 

j Xe | 4/ u 5<r 6\* 

0(1) (II) (III) IV (V) VI (VII) VIII 


'The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 
in normal type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 


transition element in plants and animals. Its biological importance is as an 
electron carrier in plants and animals (cytochromes and ferredoxins)’, as 
haemoglobin, the oxygen carrier in the blood of mammals, as myoglobin 
for oxygen storage, for iron scavenging and storage (ferretin and trans¬ 
ferrin) and in nitrogenase (the enzyme in nitrogen fixing bacteria). Iron 
forms several unusual complexes, including ferrocene. 


abundance, extraction and uses 

Iron is the fourth most abundant element in the earth's crust after O Si 
and Al. It makes up 62 (XX) ppm or 6.2% by weight of the earth’s crust 
where .t ts the second most abundant metal (Appendix A). In addition iron 
j nd nickel make up most of the earth's core. 

F J!) e rtm ef ,° r ? arC haema,i,e Fe -’°'- magnetite Fe,0 4 . limonite 
i i tI an f! Sldenle FeCO, (Smaller amounts of pyrites FeS? are also 
oun his has a yellow metallic appearance and is called ‘fooVs eold’ 
because ,t has been mistaken for gold.) World production of iron ores was 

umoT'^rZinS 2 - z 'sThT 0 *^ 0 ^ 22% ’ the soviet 

each. This yielded 497 million tonnes of ^ig iron in 1992 ^ ^ 6% 

state together with the platinum metals and th. e . found m ,he me,all,c 
and Au). The main sources ire tr, . f d the coinage metals (Cu, Ag 

South Africa, Canada (Sudburv C) ,° Un ^ the NiS/CuS ores mined in 

river sand from the Ural mountains! Wo w' ^ the S ° viet Union * the 

group metals was only 281 tonnes in ^ P r ° duct,on of al1 si * platinum 

Africa 45%, the Soviet Union 44”/ r, 2 ‘7 h f 0 argest sources were South 
0.8%. ,0n 44 /o ’ Canada 4%. the USA 2% and Japan 

Table 24.2 Abundance of th«* 
earth's crust, by weight " emenls ,n the 


Fe 

Ru 

Os 


ppm 

62 UK) 
0.0001 
0.005 


Relative abundance 


4 

77 = 
72 


c 
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EXTRACTION of iron 

The extraction of iron has played a considerable part in the development of 
modem civilization. The iron age began when man found how to use the 
charcoal formed by burning wood to extract iron from iron ores, and how 
to use it to make implements. The industrial revolution began when 
Abraham Darby developed a process which used coke instead of charcoal 
at Coalbrookdale in Shropshire, England, in 1773. It is much cheaper and 
easier to produce coke from coal rather than make charcoal by partly 
burning wood. Furthermore the greater mechanical strength of coke made 
it possible to blow air through a mixture of coke and iron ore in a blast 
furnace and thus extract iron on a much larger scale. These two factors 
increased the availability of iron and greatly reduced its price. It became 
possible for the first time to make bridges, ships, steam engines and railway 
lines using iron. The scale on which iron and steel are produced and their 
widespread use justify detailed examination of the processes involved. 


Blast furnace 

Iron is extracted from its oxides in a blast furnace. This is an almost 
cylindrical furnace, lined with fire bricks. It runs continuously and works 
on the counter-current principle. It is charged from the top with iron ore, a 
reducing agent (coke) and slag forming substances (calcium carbonate). 
The amount of CaCOi is varied, depending on the amount of silicate 
materials in the ore. Air is blown in at the bottom. The coke burns 
producing heat and CO. The temperature of the furnace is nearly 2000°C 
at the point where the air enters, but is about 1500°C at the bottom and 
200°C at the top. The iron oxide is reduced to iron mainly by CO (though 
perhaps some reduction by C takes place). The molten iron disso ves 
3-4% of C from the coke, resulting in the formation of pig iron. The 
melting point of pure iron is 1535 °C. The impurities in pig iron ower t e 
melting point, possibly to as low as 1015°C (the eutectic temperature) by 
the presence of 4.3% C. Molten iron collects in the hearth at the bottom o 

The^empera^ure of the furnace decomposes Ca CO, to Ca °’* h, ‘ h 
reacts with any silicate impurities ^bottom.Th! 

slag'floats on^he ttuflten iron! thus protecting 

s| ag and molten iron are drawn off throug sef ’ ar *.. a || owe( j t0 solidify 
The molten iron is run into moulds made of sand an* IST 

»»iiigois -pig,-. Pi, ire ««• 

A small amount of pig iron is rcm * ltc machinc the metal on a lathe, 
ip.g.r i, .ln.0* l-P-J* “£££ » 4.3% ebon 

though it can be shaped by grinding. * an<J Mf| n on-metallic 
and possibly other impurities such as S . r. A || Fe/C a||oys 

el «ments must be removed to reduce the bnit.e ^„ eJovfrlfaf 


Iron ore 
coke and 
limestone 
in 



Figure 24.1 Diagram of a 
blast furnace. 
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, , ha n V, C are called steel. Steel is ductile and can be rolled 

containing less than 2/o c ar dness and strength increase with 

or machined into shape. I" mon forms are mild steel (otherwise 
increasing C content. The mos (otherwise called high- 

called soft steel or low-carbon steel) and Haro % 

carbon steel). follows: C arises from the 

The source of the impurities m p>£ >«" a J , he reduction by c of 

coke used in the blast furnace:. Si.■ F5 Qre or from s in the coke, 
silicates, phosphates or sulphates prese 

Small amounts of Mn are often found in iron ore. but for most purposes 
this ,s beneficial rather than harmful, as small amounts of Mn actually 
enhance the physical properties of the metal. Typical analyses of pig iron 

and mild steel are shown in Table 24.3. 

The slag is used as a building material, for example to make breeze 

blocks, or cement. 

Table 24.3 Typical impurities that may 
be present in pig iron and mild steel 



Pig iron 
(%) 

Mild steel 
(%) 

c 

3-4.3 

0.15 

Si 

1-2 

0.03 

p 

0.05-2 

0.05 

s 

0.05-1 

0.05 

Mn 

0.5-2 

0.5 


Reactions involved 

The overall process for the extraction of Fe is: 

3C -I- FejO* — 4Fe -I- 3C0 2 
CaCO, + Si0 2 — CaSiO., + C0 2 

ahr^asses ^hroiioh ' f Several slages at different temperatures. Since the 
equilibrium 3 SeC °" ds - ,he individual reactions do not reach 

400 '“ C + CO - 2Fe,0 4 + C0 2 

Fe ’0. + CO —* 2FeO + CO, 

500-600 °C 2CO -» C + CO, 

brnfi deposhed as so °' and reduces FeO to Fe 

of he also reacts with the refractory lining 

of the furnace, and is harmful 
800°C FeO + CO -* Fe + CO 

900 C CaCOj —► CaO + CO-> I 



I_ . STEEL MAKING _ 

1000®C FcO + CO -► Fe + C0 2 

CO z + C-. 2CO 

(Together these two reactions appear to be 
FeO + C -♦ Fe + CO) 

1800®C CaO + Si0 2 -► CaSiOj 

FeS + CaO + C -> Fe + CaS + CO 
MnO + C -» Mn (j(1 Fc) + CO 
Si0 2 + 2C —* Si (m Fc j + 2CO 

A modern blast furnace may be 120 feet (40 metres) high, and SO feet 
(IS metres) in diameter at the bottom, and can produce 10000 tonnes of 
pig iron per day. 

STEEL MAKING 

Steel is made by removing most of the C and other impurities from pig 
iron. The process involves melting, and oxidizing the C, Si, Mn and P in 
the pig iron so that the impurities are given off is gases or converted into 

slag. 


Puddling 

Originally steel was made by ‘puddling’, which involved mixing molten pig 
iron with haematite Fe 3 0„, and burning off all the C and other impun i 
to give wrought iron. Wrought iron has had all t e remove 
soft® and is extremely malleable. It can be converted into s eel Ihy addmg 
the required amount of C or other metals to give the type of steel required, 

but this process is now entirely obsolete. 

Bessemer and Thomas processes 

In 1855 H. Bessemer (a Frenchman living[a^pea^ 
named after him which uses a Bes can be ; nted and whilst it is in 
shaped furnace lined with silica. Th ed in lt j s then tilted to the 

the horizontal position molten P 1 * , s b)own through holes in the 

vertical position and a blast of comp metal.This burns the Si and 

bottom of the furnace and throughit e m ^ sj | jcate ) an d manganese 
Mn in the pig iron to give first bi 2 l which leads to stronger 

,i lg . ««*-ip"*? • £ 5 SSU&.« « 

oxidation of C to CO or C0 2 . Th « co|ouf of (he sp ectrum of the 

by burning the waste gases and oDsem. b nfly | 0W , the converter is 

flame produced. When the C conten caJ( j r0|) moulds. This gives an 
lipped and the molten steel is poure process typically lakes 20 

ingot of steel, which can be rolled or rorg • 

minutes for a 6 tonne ingot of meta • p as impurities, which are 

Iron ores typically contain cont « n t of over 0.05% in steel 

oxidized to Si0 2 or P,Oio- A P hosp continued ovtrttaf 
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leads to a low tensile strength and ‘cold bnttleness The Bessemer process 
does not remove phosphorus, so sat.sfacto .7 ^teelorwrought ,ro„ can 
only be obtained from pig iron contatnmg little or no P. Furthermore the 
phosphorus damages the lining of the convertor, and this can only be 
replaced by taking the convertor out of use. 


P 4 O 11 ) 4- 6 Fe 4 30 2 -> 2Fe 3 (P0 4 ) 2 
Fe 3 (P0 4 ) 2 4 2 Fe 3 C 4 3Fe ^ 2Fe 3 P 4 6 FeO 4 2CO 
FeO 4 SiO--♦ FeSi0 3 

(furnace lining) 


In some countries steel making is based on phosphorus-rich ores. In this 
case the ‘basic Bessemer process’ (often called the Thomas and Gilchrist 
process, patented by S.G. Thomas in 1879) is used instead. There are two 
differences from the normal Bessemer process: 


1. The Thomas convertor is lined with a basic material such as calcined 
(strongly heated) dolomite or limestone. This reduces reaction between 
the iron phosphate slag and the lining of the convertor. This prolongs 
the life of the convertor lining. 

2 . Limestone CaC0 3 or lime CaO are added as slag formers. These are 
basic and react with P 4 O, 0 , forming ‘basic slag’ Ca 3 (P0 4 ) 2% thus 
removing P from the steel. Basic slag is a valuable by-product and is 
finely ground and sold as a phosphate fertilizer. 

Thus a Bessemer convertor with its silicate lining was used for iron ore 
containing silicate impurities, and Thomas convertor lined with limestone 
or dolomite was used with ores which had a high P content. A small 
amount of Mn is added to the molten metal to remove S and O. The 
Bessemer process reduced the price of steel by a factor of 5 in the UK. It 
was adopted by Andrew Cafnegie in the USA and reduced the price by a 
factor of 10. The process dominated world steel production until World 
War I, and was still used in England until the 1960s. 


Siemens open hearth process 

T/rT" hearth Pr0CeSS was inven,ed *>y Sir William Siemens soon after 
hvh? e nTnT e „ r a r 0Ce ^ Was,nv 1 emed The furnace required external heating 
and Z , °" a ' r M ° 1,en P'8 iro " *«* P^t in a shallow hearth. 

!ddi VEl e L W r ° Xidi “ d by air . '■"‘"g of the furnace was 

replaced the Bessem? ° n ' m P un, ' es in the pig iron. This process 
slow and it took abemt tnt?*** ,n man y P' aces The open hearth process is 

largely been replaced by the" badcTyg^^" For this reawn “ 


^■viaiui} cicunc 




* —* IIBVS 


ehhe^^lwvin^Vn'electric^air^ !“ rnace in ,878 - Heal ** P rovl 

* nc arc just above the metal, or by passinj 
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electric current through the metal. This process is still used to produce steel 

I*?" f M- ^ I? qUality s,ee *' Stainless steel typically contains 
12-15 /o of Ni, but that used for cutlery may contain 20% Cr and 10% Ni. 

High speed cutting steel used as the cutting edges on lathes may contain 
18 /o W and 5 /o Cr. Alloys with 0.4-1.6% Mn give steel with a high tensile 
strength. Hadfield steel, which is very tough and is used for rock breaking 
machinery and excavators, contains about 13% Mn and 1.25% C. Spring 
steel contains 2.5% Si. 

Basic oxygen process 

The main process nowadays is the more modern basic oxygen process 
(BOP). It originated in 1952 as the Kaldo and LD processes in Austria. 
One problem with the older Bessemer and Thomas processes was that the 
molten metal took up small amounts of nitrogen. In concentrations above 
0.01% nitrogen makes steel brittle, and nitriding of the surface makes the 
metal more difficult to weld. The remedy is to use pure 0 2 instead of air to 
oxidize the pig iron. If 0 2 was blown through the bottom of the furnace in 
the same way as air was blown through in the Bessemer process, the 
bottom of the furnace would melt. The Kaldo and LD processes both use 
pure 0 2 . In the LD process strong convection currents were set up in the 
melt to obtain an effective reaction, whilst in the Kaldo process the 
convertor was rotated to ensure mixing and hence an effective reaction. 
The BOP process is now very widely used. The furnace is initially charged 
with molten pig iron and lime, and pure 0 2 is blown onto the surface of the 
liquid metal at great speed through retractable water cooled ances. e 2 
penetrates into the melt and oxidizes the impurities rapt y. e ea 

evolved in oxidizing the impurities keeps the contents o t e 

molten despite the rise in melting point as impurities are . 

external heat is required. Eventually the furnace is tippe an . 

steel is poured either into moulds to give stee cas mgs, . o 

which in turn may be passed to rolling mills. The a van ag 2 

rather than air are: 

1 . There is a faslet conversion, so a g've" pl.nlcharge can he 

2. Large, ,«.n,hies can be handled (A » „J,«. „ y , 

converted in 40 minutes compare 

Bessemer process.) js free from nitrides. 

3. It gives a purer product, and the 

Table 24.4 rnmoosition of various stee^ 


%C 

.0.15-0.3 
0.3-0.6 
0 . 6 - 0.8 
0.8- I -4 


name 


Mild steel 
Medium steel 
High-carbon steel 
Tool steel 


continued overleaf 
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GROUP 8 - THE RON GRO UP 
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Phase diagram * 

The iron-carbon phase diagram is very complicated and nfeKribedunder 
‘Interstitial alloys and related compounds '"Chapter 5. Theproduction of 
alloys containing agall amounts of V, Cr, o, wit 

special properties for particular purposes. 


Production figures and uses 

World production of steel ingots and castings was 717 million tonnes in 
1992. The largest steel-producing countries were the Soviet Union 16%, 
Japan 14%, the USA 12% and China 11%. The largest use is as mild steel 
for ship building, girders and motor car bodies. Mild steel is malleable 
and can be bent or machined. It can also be hardened (tempered) by 
heating to red heat and quenching (cooling rapidly) by plunging into 
water or oil. In a year, 14 million tonnes of tin plate, i.e. thin sheets of 
mild steel electroplated with a very thin protective layer of tin are used 
for packaging food and other materials as ‘tin cans’. Several ferrous alloys 
are produced in large amounts: ferrosilicon 3.5 million tonnes/year, 
ferrochrome 3.1 million tonnes/year, ferromanganese 3.4 million tonnes/ 
year and ferronickel 569000 tonnes/year. 

Promoted iron is used as the catalyst in the Haber-Bosch process for 
making NH 3 . 

EXTRACTION OF RUTHENIUM AND OSMIUM 

Ru and Os are obtained from the anode slime which accumulates in the 
electrolytic refining of Ni. This contains a mixture of the platinum metals 
together with Ag and Au. The elements Pd, Pt, Ag and Au are dissolved in 
aqua regia and the residue contains Ru. Os, Rh and Ir. After a complex 
separa ion u and Os are obtained as powders, and powder forming 

' "Tn,i arC USCd ,0 D giVC ‘ he maSSive - me,a1 ' These elements are both 
Ted to make h en rn l S „ USCCi ,0 Mo y with Pd and Pt. and Os is also 
properties ** * ° yS A ° f P la, ‘ num Petals have specific catalytic 


OXIDATION STATES 

oxidation numbe^was attafiied'wh (Gr0ups 3 " 7 )' the maximun 

and * levels were ZlT*t£** *“ ° f ,h f vale "‘V electrons in the < 

the maximum oxidation number forr^^' If thlS trend cont,nued ,hel 
this trend is not continued in Ini GrOU P 8 would b e (+VII1). Ilowevet 

highest oxidation state for Fe is ftvn°^. half ofthe d ' b,ock and . ,h( 
importance. v^vi). This state is rare and is of littl< 

The main oxidation static r 

«ates for Fe are (+11) and (+m) Fe(+II) is 
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!"“h^r+m Md Frf+mT"* ti0n - Fe(+,II) is sli 8 h,| y oxidizing, 

£“* ^..nd in nrp^in,,c D ” T'™ "* mUCh C,OSer in s,abili ‘y than has 

, SS "hZ 8r °. UP t ,n marked 'he elements Ru and Os 

,v^° 4 i ° ° 4 Wh,C l h are in ,he ( +v »0 state. Ru(+III) and 

JJtCnn*? f m ° S ' S * a K e S ‘ a,eS ’ ,hou « h *«(+V). Os+VI) and 
Os(+VIII) are also reasonably stable. Thus the usual trend is observed 

that on descend.ng a group, the higher oxidation states become more 

stable. The stability of the various oxidation states is shown by the range of 

oxides and halides which are known (see Table 24.5). 


Table 24.5 Oxides and halides 


Oxidation stales 

(+n) 

(+iii) 

( + IV) 

(+.V) 

(+VI) 

( +VII) 

( + VIII) 

Others 

FeO 

Fe 2 0, 

— 

— 




F tj0 4 

- 

Ru 2 0, h 

Ru0 2 

— 

(RuO,)” 

— 

Ru0 4 


— 

— 

0 s 0 2 

— 

(OsO,) h 

- 

0 s 0 4 


FeF 2 

FeFj 

— 

— 





FeCI 2 

FeCI, 

— 

— 

— 

— 

_ 


FeBr 2 

FeBr, 

— 

— 

— 

— 

— 


Fel 2 

— 

— 

— 

— 

— 

— 


— 

RuFj 

RuF 4 

RuF s 

(RuF„) 

— 

— 


- 

RuCIj 

RuCL 

— 

— 

— 

— 


— 

RuBij 

— 

— 

— 

— 

— 


- 

Rulj 

— 

— 

— 

— 

— 


— 

_ 

OsF 4 

OsF< 

OsF 6 

(OsF 7 ) 

— 


— 

— 

OsCl, 

OsCIs 

— 

— 

— 

OsClj 5 

— 

— 

OsBr 4 

— 

— 

— 

— 


— 

— 

OsI 4 

— 

— 

' 




The most stable oxidation states are shown in bold, unstable ones in brackets, 
h = hydrous oxide. 


GENERAL PROPERTIES 

Pure iron is silvery in colour, is not very hard, and is 

» 24.6). T*= finely 

on massive Fe, but moist air quite quick y .. h flakes off and 

iron(III) oxide (rust). TTiis fonns^a "on^en. lay^ ^ 

exposes more metal to a *. hv( j r0g en If the acid is warm and if air 
adds, forming Fe and ''berating y^ ^ F<;2+ whj|s| ox j diz j n g acids 

« present some Fe 3+ ,ons ar * f °Za E ents such as concentrated HNO, or 
give only Fe 3+ . Strong oxidizing g f orma tion of a protective coat 
K 2 Cr 2 0 7 passivate the metal becaus ^ mela , is on ce again vulner- 
of oxide. If this layer is.scratche . » a P hotcr ic. It is not affected by 
able to chemical attack. Fe is h ® „ cen ,rated NaOH. 
dilute NaOH, but it is attacked by c 
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GROUP 8 - THE IRON GROUP 


Table 34.8 Some reactions of Fe, Ru and Os 


Reagent 

Fe 

Ru 

_ Os ' 

O* 

Fe,0 4 at 500*0 

FejOj at higher temp. 

RuO 2 at500*C 

Os0 4 at 200°C 

S 

FeS 

FeS 2 with excess 

RuS 2 

OsS 2 

F, 

FeFj 

RuF, 

OsF t 

a 2 

FeClj 

Ru ci 3 

OsClg 

h 2 o 

Rusts slowly 

Fe 3 0 4 formed at red heat 

No reaction 

No reaction 

Dilute HCI 

Fe Jt + H 2 

No reaction 

No reaction 

Dilute HNO.t 

Fe u + H 2 

No reaction 

No reaction 

Aqua regia 

Passive 

No reaction 

0s0 4 


In contrast Ru and Os are noble, and are very resistant to attack by 
acids. However, Os is oxidized to 0s0 4 by aqua regia 
The rusting of iron is a special case of corrosion, and is of great practical 
importance. The process is very complex, but a simplified explanation is 
that Fe atoms are converted to Fe 2 * ions and electrons. The electrons 
move to a more noble metal which may be present as an impurity in the 
iron, or in contact with it. The electrons discharge H* ions present in the 

water, forming hydrogen, which reacts with atmospheric dioxygen to give 
water: ^ 


Fe -► Fe 2 * + 2e 


2H* + 2e-> 2H 




H->0 


The iron becomes positive and forms the anode, and the noble metal serve 
as the cathode i.e. small local electrochemical cells are formed in th 

plnriu £ IO £ S ^ re subsequen, 'y oxidized to Fe(+III). eithc 

« ? m e2 °' ° r Fe '° 4 Smce ,he oxide does no1 form » coherer 

protective film, corrosion continues. 

nJZTi.T 10 ": ° 2 ’ H2 ° and thc ****** be excluded. 1 
practice Fe is often given a protective coating to exclude the wate 

Electroplating Fe with a thin layer of Sn is widely used ^d M S 

*°"" eS ? f ,. tln P la * e we, ; c Produced in 1991. Other methods indudTlK 

Sherardizlns andn *? " *!*’ gaWanizin 8 (electroplating with Zn 
Sherardizing. and painting with red lead. Another effective treatment, 

LvTrX wi.lS2T ° f ir °", m, ° iron phos P hate may bTdon 

SifH m 1 r,he P iT 0nC 8C,d 0r so,u,ions <* Mn(H W « 

( ^ 2 ^ 4)2 ^ Parkenzing and Bonderuing processes. Alternatively 
sacrificia anode may be used which makes the iron the cathode in.i 
electrolytic cell. Ru and Os are noble ana a« ‘ t 

The effect of the lanthanide contraction is less pronounced in this part c 
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Tibk 24.7 Some physical properties 
Covalent Ionic radius (A) 


Covalent 

radius 

(A) 

1.17 

1.24 

1.26 


0.78 h 

0.61 1 


M 3+ 

0.645 h 

0.55' 

0.68 


Melting 

point 

(°C) 

1535 

2282 

3045 


Boiling 

point 

(°C) 

2750 

(4050) 

(5025) 


Density Pauling’s 

electro- 
(gem -3 ) negativity 

7.87 1.8 

12.41 2.2 

22.57 2.2 


h = high spin value, 1 = low spin radius. 


the periodic table, hence the similarities between the second and third row 
elements are not so close as are found in the earlier transition groups (see 
Table 24.7). The close horizontal similarities in the ferrous metals and in 
the platinum metals are largely due to the similarity of their atoms and ions 
in size (e.g. Fe 2 * 0.61 A (low spin), Co 2-1 0.65 A (low spin) and Ni 2+ 
0.69 A). Because osmium is only a little larger than ruthenium, it would be 
expected to have a much higher density and indeed Os is the second most 
dense element known (density 22.57gem -3 ) exceeded only by a small 
margin by Ir (density 22.61 gem -3 ) (see Appendix D). 


LOW OXIDATION STATES 

The (-II) state is rare, but occurs in the carbonyl ions [Fe(CO) 4 ] 2- and 
[Ru(CO) 4 ] 2- . The zero-valent state occurs in the carbonyls, which may be 
mononuclear, e.g. Fe(CO) 5 , Ru(CO) 5 and Os(CO) 5 , dinuclear, e.g. 
Fe 2 (CO) 9 and Os^CO)^ or trinuclear, e.g. Fe 3 (CO)j 2 , Ru 3 (CO) 12 , 
Os 3 (CO) 12 (Figure 24.2). 

Fe(CO) 5 , Ru(CO) s and Os(CO) 5 are liquids at room temperature. The 
other carbonyls are volatile solids. Fe(CO )5 is available commercially. The 
di- and trinuclear carbonyls contain M—M bonds. Fe 2 (CO) 9 has three 
bridging CO groups joining the two metal atoms, but in Os 2 (CO) 9 there is 
probably only one bridging group. Fe 3 (CO)j 2 has two CO bridges between 
one pair of Fe atoms, whilst Os 3 (CO)i 2 has no bridging groups. 
F^RufCO)^ has the same structure as Fe 3 (CO) 12 , but FeRu 2 (CO) 12 has 

the same structure as Os 3 (CO)j 2 . . # 

Fe(CO), is oxidized quite easily, and the gas forms an explosive mixture 

with air. These carbonyls react with aqueous alkali or water, for g 
carbonylate anions: 

Fe(CO) 5 + 3NaOH Na[HFe(CO) 4 ] + Na 2 CO, + H 2 0 

Jhey undergo substitution reactions 

3. AsPh 3 and unsaturated orga an j t j, e meta | duster are 

Polynuclear carbonyls the metal -metal 
of «en retained. , „ . rn 

Fe(CO), . PF, - (PF|iF«< C °l' + “ 

FF^CO). . 6PPb, - FMCOMPPH,). * 6CO 
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CO CO 
co| I/CO 

oc^/^co 
co'jj CO 
0 

(d) 





These carbonyl compounds are used as catalysts i 


2HCSCH + 3CO + H,0 

ethyne 


Fc(CO), 


in various reactions: 


HO—QH 4 —OH + COj 

p-quinoi 




aniline 


2C0 2 


Mrtonyls < T ,nPOUndS forn,ed b y the action of NO on the dinuckar 
Fej(CO)* + 4NO — 2Fe(CO),(NO)j 4- 5CO 
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An unusual derivative Ru ft C(CO) l7 contain* a a . . 

0 f six Ru atoms with a carbon atom at , h ,0rted oc,ahed ral cluster 
arrangement in interstitial metal carbide** k. . < Cen,re (similar to ‘he 
three terminal CO groups and thl remL ° Ru a '° ms have 

terminal CO groups and one bridging CO ,W ° Ru atoms have ,wo 
The complex [Fe(H,0),N01 i+ i* fm™^ 

nitrates. The colour is due to chargeTralfer'Th " 'i*" 8 ' f ° r 
contains Fe(+I) and NO + . Its maenett Th,S con, P lex formally 

confirming the presence of three unpaired Srdns PPr ° X,n,a,ely ^ BM ’ 
(+11) STATE 

MUrro^ The m vT ,mp ?rr t ° Xida,i ° n S,a,es - and are often 
called ferrous salts. They are well known as crystalline compounds Most 

Tn Xn hT™', |Fe(Ha °W 2+ ' on > for example Fe S0 4 • 7H°0 
FeCl r 6H.,0 and Fe(C0 4 ) 3 .6H 2 0. The |Fe(H 2 0 )J* 10n exists in 

aqueous solutions. Iron(II) compounds are easily oxidized, and so are dif- 

ncult to obtain pure. However, the double salt FeS0 4 • (NH 4 ) 2 S0 4 • 6H->0 

is used as a standard compound in volumetric analysis for titrations with 

oxidizing agents such as dichromate, permanganate and ceric solutions. 

FeS0 4 and H 2 0 2 are used as Fenton's reagent for producing hydroxyl 

radicals and, for example, oxidizing alcohols to aldehydes. 
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Oxides 

FeO is nonstoichiometric and is metal deficient. It commonly has the 
formula Fe 0 .»*O. It may be formed as a black powder by strongly heating 
iron(+II) oxalate Fe n (COO) 2 in a vacuum and then quenching to prevent 
its disproportionation: J 

Fe(C 2 0 4 ) -► FeO + CO, + CO 
2Fe n O — Fe 3 0 4 + Fe" 

Fe l, Fe 2 l, 0 4 

FeO dissolves in acids and is completely basic. It has a sodium chloride 
type of lattice, comprising a cubic close-packed arrangement of O - ions 
with Fe 2+ ions occupying all (or almost all) of the octahedral holes. 
Fe(OH) 2 is precipitated from solutions containing Fe(+II) as a white solid, 
but it rapidly absorbs Ot from the air and turns dark green and then brown. 
This is because it oxidizes first to a mixture of Fe(OH) 2 and Fe(OH)„ and 
then to hydrous Fe 2 0 3 • (H 2 0)„. Fe(OH) 2 dissolves in acids. It also 
dissolves in strong solutions of NaOH, giving a blue green complex 
Na 4 [Fe(OH) 6 ] which can be crystallized. 


Halides 


Iron dissolves in the halogen acids in .he absence of -jr. and from these 
solutions the hydrated dihalides FeF 2 -8H 2 0 (wh.te), FeCI 2 -4H 2 0 (pale 
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green) and FeBr 2 4H 2 0 (pale green) are obtained Hydrated iron(ll) 
chloride contain* the [Fea 2 -4H 2 0] octahedral un.t in which the two 

chlorine atoms occupy trans positions. . . ... 

Anhydrous FeF 2 and FeCI 2 are made by gating‘he meta! ith gaseous 
HF or HCI, as heating the elements gives FeF, and RCI,. FeBr 2 and Fel 2 
are made by heating the elements. The anhydrous Fe(+II) halides react 
with gaseous NH,. forming salts containing the octahedral complex ion 
[Fe(NH,) 6 l 2+ . This complex decomposes in water to give Fe(OH) 2 . 


Complexes 


Fe 2+ ions form many complexes. The most important one is haemo- 
globin (the red pigment in blood) which is discussed later in the section 
‘Bioinorganic chemistry of iron’. Most of the complexes are octahedral, 
though a few tetrahedral halide complexes [FeX^ 2- are formed. 

The best known complex is the hexacyanoferrate(II) or ferrocyanide ion 
[Fe’^CNJe] 4- . Potassium hexacyanoferrate(II) K 4 [Fe(CN) 6 ] 4_ is a yellow 
coloured solid and can be made by the action of CN - on an iron(Il) salt in 
solution. Potassium ferrocyanide is used to test for iron in solution. Fe 2 * 
ions give a white precipitate of K 2 Fe n [Fe ,l (CN) 6 ], but Fe 3 '*' ions give deep 
blue KFe ,,, [Fe II (CN) 6 ) known as Prussian blue. A deep blue colour is 
also produced by Fe 2 * with hexacyanoferrate(lll) ions (ferricyanides) 
[Fe m (CN) 6 ] 3 ~, and this is known as Turnbull’s blue KFe ll [Fe ll, (CN) #l ). 
Both have been used as pigments in ink and paint. Recent X-ray work, 
infrared and Mossbauer spectroscopy have shown that Turnbull’s blue is 
identical to Prussian blue. The intense colour arises from electron transfer 
between Fe(+II) and Fe(+Ill). The standard reduction potentials show 

^ a ml~,f^ ier *° 0xidize the [ Fe "(CN) h r ion in aqueous solution to 
[Fe (CN) 6 ) , than it is to oxidize [Fe"(H 2 0) 6 ) 2+ to [Fe ,u (H 2 0) 6 ] 3 * 

lFe ,l, (H 2 0) <> )' ,+ + e (Fe'^HjO)*] 2 * £° = +0.77 V 

[Fe ,M (CN) f> ] , ~ + e -» (Fe'^CN),,) 4 - £° = +0.36V 


pw" 5 ,,,* Fe(+III) forms a m0Tt s ‘able complex with CN’ than 
■ . * . ’ ls ! s . surprising since CN forms n bonds by accepting 

JSKSTpTJn"?- ^ (+II) has more e,ectro "s than Fe( + I»). so 

bords than Fef+im tL °c^ * lave stron g er n bonding and hence shorter 
and 1 92 A in lF e ll Jnyn'v‘- e ~ C c b ° nd lengths of 195 A lFe ,u (CN) 6 ] J ' 
AW” for the Lidation ^f ( Fe"(CN^ ermod y namic data sh ° w ^ 

(and the AC values) are different ic » J ; , 

s :l the hi * h 

solid and solution ar » ♦ » P an lm P° rtant role, and behaviour in the 
solid and solution are not always the same. 

Cu Il lFefCbnT^n ^ * rom solution as the red-brown comple* 

Ui 2 lre(UN) 6 J in gravimetric analysis 

me cyanide groups in K4Fe(CN) ft ] are kinetically inert> and « „o. 


(+D) STATE 


easily removed or substituted. Though the salt is said not to be poisonous. 
fire must be taken as it evolves HCN with dilute acids. It is possible to 
obtain mono-substitution products by replacing one CN' by H 2 0, CO, 
Nb 2 or NO • The best known is sodium nitrosopentacyanoferrate(II) 
Na 2 [Fe(CN)s(NO)| • 2H 2 0, which is usually called sodium nitroprusside. 
This complex has NO as a ligand, and is formed as brown-red crystals by 
reacting a hexacyanoferrate(II) with either 30% HN0 3 or with a nitrite: 

[Fe(CN) ft ) 4- + NO.7 + 4H + [Fe(CN) 5 (NO)] 2 ~ + NH 4 + + C0 2 

Na 4 [Fe(CN) 6 J + N0 2 " + H 2 0-► Na 2 [Fe(CN) 5 (NO)) + 2NaOH + CN' 

Sodium nitroprusside reacts with sulphide ions to give a purple complex 
(Fe(CN)s(NOS )] 4 This is used as a sensitive qualitative test for 
sulphides. 

2[Fe(CN)s(NO)] 2 - + S 2 " — 2[Fe(CN),(NOS)) 4 - 

Other stable complexes are formed with bidcntatc ligands such as 
ethylenediamine, 2,2'-dipyridyl and 1,10-phenanthrolinc (formerly called 
ort/io-phenanthroline (Figure 24.3). The latter complex [Fe n (phen) 3 ] 2 + is 
bright red, and is used for the colorimetric determination of iron, and also 
as the redox indicator ‘ferroin’ in titrations. It is easier to oxidize 
[Fe(H 2 0) 6 ] 2+ to [Fe(H 2 0) ft ] 3+ than it is to oxidize [Fe(phen) 3 | 2 * (red 
colour) to [Fe(phen) 3 ] 3+ (blue colour). Thus the red colour persists until 
there is excess oxidizing agent present. The greater stability of the iron(Il) 
phenanthroline complex is due to n bonding between the metal and low 
energy n* antibonding orbitals on the ligand. Similar stabilization also 
occurs in the dipyridyl complex. 



Figure 24.3 1 , 10 -phenanthroIine. 

Fe 2+ has a d b electronic configuration, and octahedral complexes with 
weak field ligands have a high-spin arrangement wdh four ^npau-ed 

electrons (Figure 24.4a). Strong M more stable because 

phenanthroline cause spin P airmg ^ jzation energy (Figure 24.4b). Spin 
they have a larger crystal field staoi __ on „ t : r 

pairing also results in the com P l “® s ^"ftes depends on forming a brown 
The brown ring test for nitrates a , a fres hly prepared solution of 

complex |Fe(H 2 0)s • NO] 2 • I" «■» e ‘ » y ,J NO - ions in a test 
FeS0 4 is mixed with the solution co fhe of the tube so that the acid 
M*. Concentrated H,SO. is ran h NO ;. forming NO. 

fe* a layer .1 the £»».|j ™ ^ bro.n complet, |Fe(HaO), 
wfl, ch combines witn Fe , siowiy |f (hc mix ture gets hot or is 

NO) 2 * at the interface between the ^ evolved and a yellow solution 
shaken the brown colour disappears. NO is evo. 





(a) weak ligand field M stron * 

Figure 24.4 Electronic arrangements of the d b ion Fe 2 * 

of Fe ,l, 2(S0 4 )3 remains. Nitrites give the brown colour before H 2 S0 4 is 
added. 

In addition to these octahedral complexes, the heavier halides form 
crystalline complexes [Fe n X 4 ] 2- . These are tetrahedral complexes and are 
formed only with large cations. The presence of a large anion and a large 
cation gives a high lattice energy. 

There are few simple compounds of Ru( + II) and Os( + II). though 
[Ru i, (H 2 0) a ) 2+ is known. Except in the presence of non-complexing 
anions such as BF^ and CIO;\ the ( + 11) state exists as complexes. A large 
number of complexes are formed with ligands capable of back bonding, 
such as CO and phosphine ligands PR,. Other complexes are formed with 
CN , Cl“, NH, and amines. These are all tetrahedral. These complexes 
are formed by reducing solutions containing M( + III) or M( + IV) in the 
presence of the ligand. The metal has a d b configuration, and the 
complexes are all diamagnetic, indicating a spin paired arrangement, with 
a large crystal field stabilization energy. 

Ruthenium forms a binuclearcarboxylate Ru 2 (CH,C00) 4 (H 2 0) 2 similar 
to chromium(II) acetate and containing a M—M bond. Similar complexes 
are also formed by Mo and Rh. 

Ruthenium also forms an interesting series of complexes Ru"NO L„ 
where the ligand L may be: Cl". NH„ H 2 0. NOr, OH’. CN' and many 

D her liI he u N< ^ ' S S,r0ngly bonded t0 the metal by a and n bonds, and the 
*!. oa persists through a wide variety of substitution and 

oxi ation re uction reactions. X-ray studies show that in some of the 
comp exes t e u N O atoms are linear, whilst in others they are bent. 

Ru—N—O Ru—N 

\ 

Similar osmium complexes are known, though they have been studied less. 
ar 'fU ^ om P ex ® s of Fe, Ru and Os have been known for a long time. 

w° mm u 2 T ,SO ® lec,ronic ' and for a long time it Was speculated that 
M NN bonds might be formed analogous to M—CO. The first example 
of a dinitrogen complex [Ru(NH,) 5 -N 2 |CI 2 was reported in 1965. The 





complex can be made by reducing 

hydrazine sulphate or by treating [R,7''rMuT S . SOlu '> ion of R “CI, with 
reaction where H 2 0 is replaced directlv hv n’ •' H / Q| wi,h NaN,. The 
Ais might be closer to how bacteria fix**“ 

|Ru(NH,) 5 H 2 0) 2 * + Nj _ [ Ru(NH , k . Ni|2 . 

Terminal N 2 ligands have a strong ir k, a ■ « 

This compares with a band at 2331 T, range 193 0-2230cnr' 

used to show that a dinitroeen comni^v k l 2 gas ‘ ^ 1R band ma y be 

of the wavenumber shows it bondinp been formed ’ and ,he lowering 

reducing the N-N bond orde^"® ^ ° Ca f n * d from Ra «o N. thus 
Nj is a weaker o donor and a weaker 2 „' S aC,mg asa K acce P ,or ligand, 
dinitrogen complexes are not very stable ,ha " a " d hence 

including Mo. Fe and Co can S plexes of 0,her me,als 

particularly with tertiary phosphine ligand^- * * a,m ° Sphenc pressure - 

Fed, + N, + 3PEtPh,i^ FeH,(N,)(PEtPh 2 ), 

The N, ligand may also act as a bridging group: 

(Ru(NH,) 5 Nj| 2 * + (Ru(NHj)s- HjO) 2 '*’ 

[(NH,), • Ru— N—N— R U • (NH,)s] 4+ 

In the dinuclear complex the N-N bond is 1.24 A. only slightly longer 

a " e ls,an ce of 1.098 A in Nj. The interest in complexes which can 
coordinate dinitrogen arises from the possibility of dinitrogen fixation (see 
a so Chapter 20). Dinitrogen complexes have also been made for all of the 
metals in Groups 7,8 and 9 (Mn, Fe and Co groups), together with Mo and 
Ni. The complexes typically contain the metal in a low oxidation state, 
often with phosphine or hydride ligands such as (R 3 P) 2 Ni • N 2 • Ni(PR 3 ) 2 
and (R 3 P) 3 • fe • N 2 • H 2 . Since the N 2 molecule is symmetrical and has 
zero dipole moment, a bonding from N to the metal will be very slight 
(hence the very small change in N—N bond length), and back bonding 
from the metal to n orbitals on the nitrogen is the main interaction. 

(-FID) STATE 

Fe(+III) is a very important oxidation state. Salts are often called ferric 
salts, and are obtained by oxidizing the corresponding Fe(-hll) salts. 
Fc(+III) solutions are frequently yellow-brown, but the colour is due to the 
presence of colloidal iron oxide, or FeO*OH. Fe(+III) forms crystalline 
salts with all the common anions except I", and many of the salts exist in 
both anhydrous and hydrated forms. These have a variety of colours: 
F<*V6H 2 0, FeF,-4iH 2 0 and Fe 2 (S0 4 ) 3 9H 2 0 are yellow; FeBr 3 - 
6H 2 0 and FeF 3 arc green; Fe(N0 3 ) 3 • 6H 2 0 is colour ess. and F £ (N°^ • 
’H 2 0 is pale purple. Several salts contain the: l Fe(H , 2< ?) 6 J , ,0n T he 
most common is Fe 2 (S0 4 ) 3 . This exists as six different hydrates, and is 
quite widely used as a coagulant to clarify drinking water and also in the 
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GROUP 8 - THE IRON GROUP 


treatment of industrial effluent and sewage. The alums Rouble salts, 
and crystallize easily. They also contain [FefHjO), . The best known 

' ■— u Fe* (H 2 0 ) 6 ][S 04] 2 • 6H 2 0 and potash 

2 . Like the chrome alums, these are 


are ammonium ferric alum (NH4) 
alum [K(H 2 0 ) 6 ][Fe ,,I (H 2 0 ) 6 j[S 04 


used as mordants in the dyeing industry. 


Oxides and hydrated oxides 

There is no evidence that Fe(OH) ? exists. Hydrolysis of FeCI 3 does not 
give the hydroxide but gives a red-brown gelatinous precipitate of the 
hvdrous oxide Fe 2 0j(H 2 0)„. At least part of this precipitate consists of 
FeO • OH. Heating the hydrous oxide to 200°C gives red-brown a-Fe 2 O v 
The structure comprises a hexagonally close-packed lattice of O 2 ions 
with Fe 3 * ions in two thirds of the octahedral holes. However, if Fe 3 0 4 is 
oxidized, y-Fe 2 0 3 is formed, which has a cubic close-packed arrangement 
of O 2 ' ions with Fe 3 * ions randomly distributed in both the octahedral and 
tetrahedral sites. 

Fej0 4 is formed as a black solid by igniting Fe 2 Oi at 1400°C. Fe^ is 
a mixed oxide Fe ,, Fe 2 ,, 0 4 and has an inverse spinel structure. The 0 2 ~ 
ions are cubic close-packed, with the larger Fe~ in one quarter of the 
octahedral holes. Half of the Fe 3 * occupy octahedral holes and half occupy 
te trahed ral ho les. _ 

Fe 2 0, and Fe,0 4 , like FeO, all tend to be nonstoichiometric. The 
nonstoichiometry is related to their similarity in structure. The cubic close- 
packed forms differ only in the arrangement of Fe 2 * and Fe 3 * in the 
octahedral and tetrahedral holes. 

Basic properties decrease with increased oxidation number. Fe m 2 Oj is 
largely basic. The ignited form is difficult to dissolve in acids. However, the 
freshly precipitated hydrous form dissolves in acids, giving the very pale 
violet [Fe(H 2 0) 6 | 3 * ion, anrtin concentrated NaOH, forming [Fe(OH) ft ] 3 " 
This shows that the oxide is slightly amphoteric. Fusion with LiOH, NaOH 
or Na 2 (XL gives LiFeO : or NaFe0 2 . 

Fe.O, + Na 2 CO-i —► 2NaFe0 2 + CO : 

At one time these compounds were called ferrites, but they are better 
represented as mixed oxides, as LiFeO, has a NaCI structure, and Li* and 
Fe * are approximately the same size. The average charge on the metal 
ions is +2, which matches the charge of —2 on the oxide ions. Ferrites 
hydrolyse with water, forming NaOH. At one time this was used in the 
obsolete Lowig process for manufacturing caustic soda. 

Fe :0 3 + Na.CO, — 2NaFe0 2 + C0 2 

2NaFeO : + H,0 -► 2NaOH + Fe.O* 
--- 1 ' 

If Cl 2 is passed into an alkaline solution of hydrated iron(III) oxide, a 
red-purple solution is formed containing the ferrate ion Fe v, 04"* Ferrates 
are also made by oxidizing Fe( + Ill) with NaOCl or electrolytically. They 
contain Fe( + VI) and are stronger oxidizing agents than is KMnOa* 


Scanned by (JamScanner 




(+111) STATE 


771 


Halides 

f; The halides FeF 3 , FeCI 3 and FeBr 3 can all be made by direct reaction of 

i halogen and metal. The iodide does not exist in a pure state because Fe 1+ 

oxidizes T. In solution this oxidation is complete but some Fel 3 may exist 
with Fel 2 in the solid. Fe(-hlll) compounds are less ionized than those of 
Fe( + H). FeF 3 is a white solid. It is sparingly soluble in water but the 
solution does not give a positive test for Fe 3 * or F~ ions. It combines with 
alkali metal fluorides, forming complexes, e.g. Na 3 [FeF 6 ]. Fe 3 * has a d 5 
i configuration. Since F" is a weak field ligand, each of the d orbitals will be 

singly occupied, giving a high-spin octahedral complex (Figure 24.5a). As a 
result of the small size of Fe , Fe( + III) complexes are generally more 
\ stable than those of Fe( + 11). 

i Any d—d electronic transition breaks the Laporte selection rule. (This 

states that A/, the change in the secondary quantum number for the 

i transition, must be ±1. For a d-d transition A/ = 0.) In [FeF 6 ) 3 ~ the 

electronic transition is spin forbidden’ too, as it involves both promoting 
an electron and reversing its spin. There is only a low probability of doing 
this: hence the lack of colour. A similar effect is observed with Mn 2+ 
spectra (see also Chapter 32). 

In contrast to the absence of colour in FeF 3 , FcCI 3 solid is almost black. 
It sublimes at about 300°C, giving a dimeric gas. FeBr 3 is red-brown. The 
j colours arise from charge transfer spectra. The solid structures are layer 

lattices, consisting of close-packed halide ions with Fe 3 * occupying two 
thirds of the octahedral holes in one layer, and none in the next layer. 
FeCK dissolves in both ether and water,.giving solvated monomeric species 
(Figure 24.6). Iron(III) chloride is usually obtained as yellow-brown 
lumps of the hydrate FeCI 3 • 6H 2 0. This is very soluble in water and is used 
both as an oxidizing agent, and as a mordant in dyeing. FeCl 3 is also used 
in the manufacture of CCI 4 . 


FcCI, catalyst 30 # C 

CS 2 + 3CI 2 -♦ cci 4 + S 2 C1 2 

FcCI» catalyst WI°C 

CS 2 + 2S 2 C1 2 -* CCI 4 + 6S 




(■) weak ligand high spin 
Figure 24.5 d s electronic arrangement for Fe 


(b) strong ligand spin paired 
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a a ci 
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Ft Ft 

/ \ / \ 

a ci ci 

(a) (FoClj)a QW 
dimer 


C.H, 


\ 

( 

/ 


FtCI 3 


C,H» 

(b) solvated FeCU 


Figure 24.6 Structures of FeGj. 


(FelHaO^ClaJXHHaO), 


(c) hydrated FeCl, 
(FeClaSHaO) 



The structure of FeCI 3 -6H 2 0 is unusual. It normally consists of trans 
(Fe(H 2 0) 4 Cl 2 ]Cl • 2H 2 0, though in strong HCI it forms tetrahedral 

[FeCl 4 ]" ions. 


Complexes 

Fe 3+ shows a preference for forming complexes with ligands which 
coordinate through O as opposed to N. Complexes with NH 3 are unstable 
in water. Complexes with chelating N ligands such as dipyridyl and 1,10- 
phenanthroline are formed, but are less stable than their Fe( + Il) 
counterparts. These ligands cause spin pairing. 

The most common complex is the hydrated ion (FefhhOJo)'*. This is pale 
purple in very strongly acid solutions, and tends to hydrolyse to yellow 
solutions at pH 2-3. 

[Fe(H 2 0) 6 | 3 * ^ [Fe(H 2 0)<0H] 2 * + H + 

At pH 4-5 the hydroxo species polymerizes to form a dimer which forms a 
brownish solid. Polymerization of aqua ions is quite common, especially if 
they have a high charge. 


2[Fe(H 2 0) 3 • OH) 


|2 ♦ 


H 


/0\ 

(H 2 0) 4 • Fe Fe • (H->0) 4 

N o/ 

H 


isfomied ,eher PH Va ' UeS * redd ' sh brown P reci P i,a,e of the hydrous oxid. 

I Fet Pt^ H ™h* ik m? "ix f S lnclude ,hose with phosphate ions givini 
E i rffi (HPW ' (which are «*»*«>. and with oxalati 
be removed frnn^fah^ 1 * complex l Fe (oxalate),J , “. Rust stains car 

[Fe(oxalate),]'- ion whicIHs wluhl 8 W '' h ° Xal ' C add a " d form ' ng ', l " 
remove dves frnm # k„ f k • r° U ^ e ,n w ater. This treatment may als< 

red and iFetDhent l>+ • Fe < ace, y | acetone),| is red. [Fe(CN)„]'* « 

corresponding Fe(+ll)Imp'lex'wl.^KMnO** ^T 1 by .° xidizing "" 

Fe- n tn 0 d f SCN beS !r S A r b, Fe( ; ,ll) bto ">' x aqueous^luSs'^n.ainin, 
Fe and SCN ,ons. A blood red colour is produced, which is due to a 
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mixture of [Fe(SCN)(H 2 0) 5 ] and also some Fe(SCN ) 3 and [Fe(SCN) 4 )". 

The c- • hC estimation of tron(IIl). This colour is 

destroyed by the addition of F ions, because [FeF 6 ] 3 ' is formed. 

FC 7 uT C ° nfi S urat » on - Thus complexes with weak field 

ligands will have a high-spin arrangement with five unpaired electrons. 

mus d-d spectra will be ‘spin forbidden’: hence the absorption will be 
very weak. Mn also has a d electronic arrangement and also has very 
weak d- spectra, owever, Fe( + HI) has an extra charge and is more 
able to polarize the ligands, thus giving intense charge transfer spectra not 
found in Mn . The only complex which actually shows the weak d-d 
bands is [Fe(H 2 0)f,] . The hydrolysed species have charge transfer bands 

which mask the d-d spectra. Strong field ligands such as CN~, SCN" and 
oxalate form complexes with Fe which have a spin paired arrangement 
(Figure 24.5b). These would be expected to show reasonably intense 
colours from d—d spectra, but these colours too are masked by charge 
transfer. 


Fe( + III) and Ru( + III) form basic acetates of the type [Fe 3 0 
(CH 3 COO)^L 3 ]*. The structure consists of a triangle of three Fe atoms 
with an O atom at the centre. The six acetate groups act as bridges between 
the Fe atoms, two groups across each edge of the triangle. Thus each Fe 
atom is linked to four acetate groups and the central O, and the sixth 
position of the octahedron is occupied by water or another ligand. This 
type of carboxylate complex is formed by the trivalent ions of Cr, Mn. Fe, 
Ru, Rh and Ir. 


Ruthenium and osmium 

In the (-hill) state, Ru complexes are more numerous than those of Os. 
Both elements form [M m (NH 3 ) ft ) w , and Ru forms a range of mixed 
halogen—ammonia complexes. If RUO 4 is added to concentrated HCI and 
evaporated, a dark red material formulated RuCI 3 -3H 2 0 is formed. This 
is readily soluble in water, and is the starting point of many preparations. It 
seems to contain not only Ru 111 species but also some polynuclear Ru 
species. Ru( + Ill) chloro species catalyse the hydration of alkynes. 
Ru(+III) forms a basic acetate similar to |Fe,0(CH,C00) 6 L,P described 
above. 



(+IV) AND HIGHER STATES 


Burning Ru or Os metals in air gives Ru0 2 as a 
as a coppery coloured solid. Both oxides have 
forms a stable tetrafluoride and tetrachloride. 


blue-black solid and 0 s 0 2 
rutile (Ti0 2 ) structures. Os 


Figure 24.7 Structure of 
Fej0(CH,C00) 6 (H 2 0),] 


(+V) STATE 

Hie (+V) state is unstable, and ‘ s ^“" d a °"| ) y and* TaFj (see Figure 
are tetrameric with bridging F gro p 
21.1). Fluoride complexes are also known. 




RuCI* + KC1 + F 2 -> K[Ru v F 6 ] 


(+VI) STATE 

Ferrates Fe vl 0 2- can be made by passing CI 2 into an alkaline solution of 
hydrated iron(III) oxide, by oxidizing Fe(+III) with NaOCl, or electrolyti. 
cally. They contain Fe(+VI), are purple coloured and are stronger 
oxidizing agents than KMn0 4 . The stability of the (+VI) state decreases 
across the periodic table: 

Cr0 4 ~ > MnOj' > FeO» CoOi~ 

Ferrates are only stable in strongly alkaline solution, and decompose in 
water or acid, liberating dioxygen. 

2[Fe v, 0 4 ] 2- + 5H 2 0 - Fe'* + \{0 2 + 10(OH)‘ 

Sodium and potassium ferrates are very soluble, but BaFe0 4 is 
precipitated. The ferrate ion is tetrahedral like the chromate ion Cr0 4 ~ 
RuF 6 is the highest halide of Ru. It is made by heating the elements and 

quenching (i.e. cooling very rapidly). RuF 6 is unstable, but in contrast 
OsF 6 is stable. 


(+VIII) STATE 

RuO„ and 0s0 4 are yellow coloured volatile solids with melting points of 
25 C and 40°C respectively. OsQ 4 is made either by burning finely divided 
metal in 0 2 , or by treating it with concentrated HNO,. RuO, is less stable 
and is formed by oxidation with permanganate or bromate in H 2 S0 4 . Both 
oxides are toxic, smell like ozone and are strongly oxidizing. They have 
Wtrahedral structures. Both are slightly soluble in water but very soluble in 

organic r a e « US ^ U, '° nS of ° S ° J are used as a biological stain because the 
organic matter reduces it to black OsO, or Os. 0s0 4 vapour is harmful to 

hlndf S H r - h,S re T n , 0s0j ,s used in organic chemistry to add to double 
HCI reduces‘osO f«, [ ’l he v ^ roxides do not show basic properties and 

ta.ugta, .Ru puriu.hunate (+VI„ 

4Ru v,ii 0 4 + 40H- - 4R U V,1 0 - + 2H , 0 + 0 , 

pcrruihcnatc 

4Ru vi, 0 4 + 40H- - 4Ru vi 0 4 - + 2H : 0 + O, 

ruthcnaic 

The rulhenate ion contains Ruf + vn • 

FeOJ* OsO k mnn. c» ki \ V * and ,s analogous to the ferrate ion 

ligands are added forming thettahedra^^^ ** N *° H ' ,nS,Md - ° H ’ 

K me octahedral rrans-osmate(VHI) ion. 

Os v,ll 0 4 + 20H- _ (Os v '»0 4 -(OH),] 1 - 

pwo&maic or osmate (VIII) 



--w ikuin 

Hie osmate(VIII) ion reacts ~- - - 

[OsOjNJ , and .s reduced by EtOH^o fomV" T"# ni,rido complex 

0rm /rfl,w -[Os v, 0 2 (OH) 4 ] 2 - 

BIOINORGANIC CHEMISTRY OF IR ON 

Iron is essential in small amnnnt. t . 

like Cu and Se it is toxic in larger qua^i^R 3 ?* 1 animal life ' However, 
important transition element. It is Blolo 8 ical| y i™ is the most 

, ... 'smvoWed ln severa | diff ere m processes: 

globin)° Xy8en CarnCr the blood of mammals, birds and fish (haemo- 

3 2 :STS ( r yoglobin) - • 

for electron transfer in plants and T S and bac,ena (cytochromes) and 

4. For storage and scavengCof Fe i n ?' en ^ (f f f rredoxins ) 

5. As nitrogenase (the enzvme in H' # ' mas ^ erret ‘ n an <J transferrin). 

6 . As a number „ d,n 'trogen fixing bacteria). 

aldehydes), catalase and pero^dase 31 ^^ 6 ° X ' daSe (oxidation of 
succinic fchydrog.,,,* „ he oLZ7“Z&!!£? 

Haemoglobin 

^moTbin^h^rH 31 " 5 ab ° Ut 4g ° f ir °" Abou * 70% ° f tb * « found as 
haemoglobin, the red pigment in the erythrocytes (red blood cells). Most 

Hin» 6 ^ ^ ! tC T ed aS ferre,m - "Htc function of haemoglobin is to pick up 
x y gen at the lungs. The arteries carry blood to parts of the body where 
ygen is required such as the muscles. Here the oxygen is transferred to a 
myoglobin molecule, and stored until the oxygen is required to release 
energy from glucose sugar. When 0 2 is removed from haemoglobin, it is 
replaced by a water molecule. Next the protein part of haemoglobin 
absorbs H + . Indirectly this helps remove C0 2 from the tissues, since C 0 2 
is converted to HCOf and H*. The blood removes the more soluble 
HCO^ ions and the reduced haemoglobin removes the H*. The blood 
returns to the heart through the veins. It is then pumped to the lungs, 
where the HCO 3 ions are converted back to C0 2 . This is excreted into the 
air in the lungs and exhaled. The blood picks up dioxygen again, and the 
process is repeated. 

The important factor in haemoglobin acting as an oxygen carrier is the 
reversibility of the process. If too stable a complex were formed with 
dioxygen, then too much energy would be released in the lungs leaving less 
energy when dioxygen is released in the muscles. The oxygenated form is 
called oxyhaemoglobin and the reduced form is called deoxyhaemoglobin. 
This transfer of 0 2 is remarkable because it involves only Fe( + II), and not 
Fe( + IJ|). Other groups such as CO, CN and PFi can occupy the 0 2 site. 
Coordination is still reversible, but is much stronger. In the case of CN , 
coordination is irreversible. These ligands reduce or prevent oxygen 
transfer and may result in death. However, CN" also interferes with the 
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cytochrome enzyme system, which is the principal reason for its extreme 
toxicity. 

Haemoglobin has a molecular weight of nearly 65000, and is made up of 
four subunits. Each subunit comprises a porphyrin complex haem (Figure 
24.8) which contains Fe 2 * bonded to four N atoms, and a globular protein 
called globin. The globular protein is coordinated to the Fe 2+ in haem 
through a fifth N atom from a histidine molecule in the protein. The sixth 
position round the Fe 2 * is occupied either by a dioxygen molecule or a 
water molecule. 


In oxyhaemoglobm the Fe z is in the low-spin state and is diamagnetic. 
It is just the right size to fit in the hole at the centre of the porphyrin ring. 
The porphyrin is both planar and rigid. In deoxyhaemoglobin the Fe 2 * is in 
the high-spin state and is paramagnetic. The size of Fe 2 " increases by 28% 
when it changes from low spin to high spin, i.e. from 0.61 A to 0.78 A (see 
Table 24.7). Thus in deoxyhaemoglobin the Fe 2 * is too large to fit in the 
hole at the centre of the porphyrin, and is situated 0.7-0.8 A above the 
ring, thus distorting the bonds round the Fe. Thus the presence of O, 
changes the electronic arrangement of Fe 2 " and also distorts the shape of 
the complex. The globular protein appears to be essential, since if it is 
removed oxidation of Fe( + II) to Fe( + III) occurs which is not reversible. 

Haemoglobin is made up of four subunits, and when one subunit picks 
up an 0 2 molecule, the Fe 2 " contracts and moves into the plane of the 
ring In doing so, it moves the histidine molecule attached to it, and causes 
conformational changes in the globin chain. Since this chain is hydrogen 
bonded to the other three units, it changes their conformations too. and 
enhances their ability to attract 0 3 . This phenomenon is called the 
cooperative effect. The affinity of haemoglobin for O, decreases as the pH 

£“• bU V 3S bl . ood,s Wcl1 buffered ‘his has only a slight effect. In a 
“17 wben ,he blo ° d reac hes the muscles, once one O, has been 

effect in reve'i-se^ ^ ^ CVen m ° fe easily due ,0 the coo P era,ive 



Figure 24.8 Structure of haem b. 



COi is the end product from the breakdown of glucose to release energy. 
There is an appreaa e uild-up of C0 3 in the muscles. This is removed 
from the tissue and converted into soluble HCOr ions. 

C0 2 + H 2 0 -»H + + HCOr 

This process is facilitated by the terminal amine groups of deoxyhaemo- 

globin which pick up the protons produced and thus act as a buffer. The 
reverse process occurs at the lungs. 

The porphyrin ring is conjugated and planar. The characteristic red 
colour arises from charge transfer between stable n and low-lying n* 
orbitals on the ring and Fe. 

Myoglobin 

Haem is also important biologically in myoglobin which is used to store 
dioxygen in muscles. Myoglobin is similar to one of the units in haemo¬ 
globin. It contains only one Fe atom, has a molecular weight of about 
17000, and binds 0 2 more strongly than haemoglobin. 


Cytochromes 

There are many cytochromes, which differ in slight detail, but these are 
broadly grouped together as cytochrome a, cytochrome b and cytochrome 
c. The prosthetic group in all cytochromes comprises four haem units, and 
cytochromes have a molecular weight of about 12400. As in haemoglobin, 
Fe is bonded to four N atoms in each porphyrin ring, and the fifth site is 
occupied by a N atom from the associated protein. The big difference is 
that the sixth position is usually occupied by a S atom from an amino acid 

such as methionine, which is part of a protein. 

Cytochromes are involved in the release of energy by oxidizing glucose 
with molecular 0 3 in the mitochondria inside living cells. The cytochromes 
are reversibly oxidized (and thus act as electron carriers). The J s * n 
low-spin state, and it changes reversibly between the ( + 11) and ( + 11 ) 
stales. Cytochromes a. b and c have slightly different reduction potentials 
and reactions involve all three one after the other in t e or er , c, a. n 
this way the energy from oxidizing glucose is re ease gra ua y. 
energy is stored in the form of adenosine triphosphate ATP. which is used 

when required by the cell. 


Table 24.8 Reduction potentials E* for 

cytochrome - 

' 0.04 V 

Cytochrome b 0.26 V 

Cytochrome c 0 28 V 

Cytochrome a 
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Ferretin 

Animals, including man, absorb iron •! Fe(+U) from food in their 
digestive systems. Their requirements for Fe are very small (man requires 
only 1 mg per day) as the existing Fe in the body is recycled. Any iron 
absorbed immediately reacts to form transferrin. A human body contains 
about 4g of Fe, roughly 3g as haemoglobin, and 1 g as ferretin. Ferretin is 
found in the spleen, liver and bone marrow. When a red blood cell has 
become aged after an average of 16 weeks, the haemoglobin is broken 
down and the iron is recovered by transferrin, a non-haem protein. This 
is a single chain polypeptide of molecular weight 76000—80000, which 
contains two Fe atoms. This transports the Fe to the bone marrow where 
it is converted to ferretin, which is brown and water soluble. Ferretin 
contains about 23% Fe. It consists of a roughly spherical sheath of protein 
called apoferretin which is approximately 120 A in diameter and which 
encloses a micelle of Fe(+III) hydroxide, oxide and phosphate. The 
micelle is an aggregate of particles whose surface bears a charge. The 
micelle contains 2000-5000 atoms of Fe. 


Catalases and peroxidases 

Catalases are enzymes which promote the disproportionation of H 2 0 2 . 
They also catalyse the oxidation of substrates by H 2 0 2 . The catalase 
molecule contains four Fe( + IH) haem b groups, and has a molecular 
weight of about 240000. 

2H 2 0 2 — 2H 2 0 + 0 2 

The peroxidases also catalyse the decomposition of but they arc 

associated with a coenzyme AH 2 , which is oxidized in the reaction. 

H 2 0 2 + AH 2 — 2H 2 0 + A 


Ferrcdoxins 

Hprtrn 3 ^ & °f non ‘haem iron proteins which are responsible for 

P lan,s bacteria. They serve the same function that 

Sllec U | ar w e iJhts°(6000-i2000) al a d* ferredoxins have much lower 

eieht Fe atnmf d k a . . ^ and thc Y may contain one, two. four or 

This is surrounded by'four s'atomTf' PleS, * nd COn,a ' ns only one Fe 
linked into protein chains andml^T ^ amm ° add CySteine Wh ' C l' S 
four S atoms are roug^etrahedS Fe < S cys,e,ne) - ™ 

atoms e e Fe 0 (S n WS^l U |' e ln ° rgamc sul phidc ions as well as cysteine S 
ions, treatment Sh dS'lS li^ra^Hy 0 "' 8 *" in ° rganiC SUlphid ' 

FeATs^sSl.^fcirtL^Tv £' S,er co,n P ounds The sim P lest ‘ S 

atoms a, diagonally opposite corded^ 
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occupying the other two diagonallv onnocii- „„ 

atoms fill the four unoccupied positions In add v"** 0 " O'* bo,,om face s 
S atom in a cysteine molecule a<Jd,,,on - each Fe is hon ' i ' d *° a 

Hacmcrythrin 

Despite its name, haemery.hrin is a non-haem iron protein which serves as 

1 si °H (W ncxfllfd m S T manne WOrmS “ has a molecuUr Weigh, of 
about 108000 and is made up of eight subunits. Other marine worms have 

myohaemerythnn ,n the.r muscles which comprises jus, one oT these 

subunits This is analogous to haemoglobin and myoglobin in higher 

animals. However, deoxyhaemerythnn contains two high-spin Fe" atoms 

and oxyhaemerythnn contains two Fe" 1 atoms and oxygen bound as O^. 

CYCLOPENTADIENYL AND RELATED COMPOUNDS 

Interest in organometallic chemistry began in 1951 when G. Wilkinson 
et qI. reported making an astonishing iron-hydrocarbon derivative called 
di*7i-c>clopentadienyliron. Rather surprisingly two research groups 
working independently prepared the same compound about the same time. 

2CsH s MgBr + FeCl 2 ► Fe(CsHs )2 + MgBr 2 + MgCl 2 

This compound is now called ferrocene and has the formula ( 7 i-C 5 H 5 ) 2 Fe. 
It is stable in air. forms orange crystals, and is diamagnetic. Ferrocene is 
soluble in organic solvents (alcohol, ether and benzene), and insoluble in 
water. NaOFI solution and concentrated HCI. It is thermally stable up to 
500°C. The X-ray structure shows that this has a sandwich structure in 
which the metal atom is sandwiched between- two par^ n cl planar cyclo- 
pentadienyl rings. This gave the clue that organic ligands could use their k 
system to bond to metals, and this opened up the study of compound." with 
metal-carbon bonds. 

For ferrocene the symmetry of the space group requires the two^ive- 

membered rings to have the staggered conformation. In contrast, in the 

corresponding Ru and Os compounds ruthenocene and osmocene the rings 

adopt the eclipsed conformation (Figure 24.9). The exact arrangement in 

ferrocene is not simple. The barrier to internal rotation of the rings is only 

about 4kJ mol' 1 and electron diffraction (on the gas) suggests an eclipsed 

arrangement. I, is possible that crystal packing forces result in the 

staggered arrangement. More recent X-ray and neutron diffraction studies 

on the solid suggest the space group symmetry is met by a disordered 

arrangement of nearly eclipsed molecules with an angle of 9 between the 

rings rather than 0” for eclipsed and 36“ for a staggered conformation. 

Since all five C atoms in the cyclopen, adienyl ring artr equ.d.s an, from 

Fe. the ring has a hapticitv n of 5. i e. n^sH,. All the firs, row r nsition 
ini£iuis « ..op , much less stable than 

elements form similar compounds, out mey a. 

ferrocene. . • ;- 7 ■)< A nAmn<>r«H witii 


The perpendicular distance 


between the rings is 3.25 A compared with 
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Figure 24.9 Ferrocene and mthenocene. 


3.35 A in graphite. The C—C bond lengths are all equal (1.39 A ± 0.06 A). 
This is exactly the same bond length as in benzene, and the bond orders are 
also similar to those in benzene. The cyclopentadienyl rings do not undergo 
reactions of dienes such as the Diels-Alder reaction or catalytic hydro¬ 
genation, but they do display aromatic character. Thus ferrocene under¬ 
goes Friedel-Crafts acylation. With an equimolar amount of acetyl 
chloride the following reaction occurs: 

(q 5 -C 5 H 5 ) 2 Fe + CH 3 COCI —> (t) 5 -C 5 H 4 • CO • CH 3 )(n 5 -C 5 H 5 )Fe + HCI 

With excess acetyl chloride, disubstitution occurs. (Other cyclopentadienyl 
compounds are decomposed.) This suggests that the ligand is really C 5 Hf. 

2C 5 H 6 + 2Et 2 NH + FeCI 2 — Fe(C 5 H 5 ) 2 + 2Et 2 NH : CI 

The general method for making cyclopentadienyl compounds is from 
cyclopentadiene in tetrahydrofuran solution: 

C 5 H 6 + Na — Na* + C 5 H 5 _ + $H 2 
2C 5 H^ + FeCl 2 —> (Ti 5 -C 5 H 5 ) 2 Fe + 20" terrocene 
2 C 5 H 5 + NiCl 2 —> (n 5 -C 5 H 5 ) 2 Ni + 20" nickelocene 

Another preparative method uses C 5 H 5 TI, which is stable, and insoluble in 
water: 


+ TIOH-^—► C 5 H 5 T 1 + H 2 0 
2C 5 H s T 1 + FeClj ( n 5 -C 3 H 5 ) 2 Fe + 2 T 1 C 1 

Another convenient preparative method is to use a strong base to remove a 
proton from C 5 H«: 

2CjH 6 + FeClj + 2Et 2 NH Fe(C s H 5 ) 2 + 2Et 2 NH 2 Cl 

A large number of „ 5 -C s H 5 complexes are now known. 

■ .-I , er are now known to form similar sandwich complexes, 

r C H d u 8 < ^n 6 u C '^ 8 u Cj, ! h3 ’ C<H< and CtH ’- Examples include (Cr(n * 
C*H*) 2 | and (UOf-C.Hak). K 

Some cyclopentadienyl compounds have two rings at an angle. rail*' 

(CO) | 7 w CH TtNR F ? r . e,< rx mpl 5 e ' Kl S - C 5 H 5 ) 2 TiCI 2 ). (Tttn^JJ^ 
AVk ' T n 1,1 Rj)2 *' 1 T| (1 -C s H 5 ) 2 (SCN) 2 ] and (V(n’-CjHjb 

cy have roughly tetrahedral structures, but the cyclopentadienyl ** 
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Table 24.9 Some di-V-cyclopentadienyl san dwich compounds 

[(t, 5 -C } H 5 ) 2 V ii | Vanadocene Dark violet solid, air sensitive 

[(n’-CjHshCr 1 ] Chromocene scarlet crystals, m.p. 173 *C; very air 

sensitive 

KV-QHskFe 11 ] Ferrocene Orange crystals, m.p. 174°C; stable to 

>500 °C 

[(V'CsHs^Co ] Cobalticenium Yellow salts, stable in water, stable to 

about 400 °C 

[(Tt 5 -C 5 H 5 ) 2 Ni ,, l Nickelocene Bright green solid, m.p. 173°C (dec); 

_ oxidizes in air to [(T) 5 -C 5 H 5 ) 2 Ni] + 


cules are pentahaptic, with five C atoms in each ring attached to Ti. 
Reduction of these compounds gives [Ti(C 5 H 5 ) 2 • X] or [Ti(C 5 H 5 ) 2 ] 2 . Note 
that the latter compound is dimeric, and thus has a different structure to 
ferrocene. 

Ti(C 5 Hs ) 4 is unusual because two cyclopentadienyl rings are pentahaptic 
(tt bonding) and two are monohaptic (o bonding), i.e. [Ti(n 5 -C 5 H 5 ) 2 (Ti*- 
CsH 5 ) 2 ). A similar arrangement is found in [NbO^-CsHsMV-CjHsfe), 
[Nb(r, 5 -C S H 5 ) 2 (T 1 1 -C 5 H 5 ) 2 C1 2 ] and [Nb(n 5 -C 5 H 5 ) 2 (n , -C 5 H 5 ) 2 CI 3 ]. 

Other compounds have only one ring, e.g. [Cr(Tj 5 -C 3 H 3 XCO) 3 l -, (MnCrj 5 * 
C 5 H 5 XCO) 3 ], (Cr( 7 ? 6 -C 6 H 4 S )(CO) 3 ], [Mof^c^XCOM + and [Fety 4 - 
CJ^XCOh). 

Ferrocene is sometimes regarded’as a compound of Fe 2+ and two C 5 H 5 
ions. The bonding in these aromatic sandwich-type structures is better 
considered as t bonding involving the lateral overlap of the d a and d n 
orbitals on Fe with the delocalized pr aromatic orbital from each cyclo¬ 
pentadienyl ring. The bonding is too complicated to be described in detail 
here. 

The sandwich compounds were discovered and studied independently by 
E.O. Fischer in Munich and G. Wilkinson at Imperial College, London. 
For this work they were jointly awarded the Nobel Prize for Chemistry in 

1973. 


further reading 
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II - Synthesis and reactivity, 24, 498. 

ssjs ffisssr z was# 


Elements, Wiley, London. 
Corbett, J.D. (1981) Extended 
transition metals, Ace. Chem. 


metal-metal bonding in halides of the early 
Res., 14, 239. 





782 


GROUP 8 - THE IRON GROUP 


Diatomic metals and metallic clusters. (1980) (Conference papers of the Farads, 
Symposia of the Royal Society of Chemistry, No. 14). Royal Society 0 f 

Che/nistry. London. 

Emellus, HJ. and Sharpe. A.G. (1973) Modern Aspects of Inorganic Chemistry , 
4th ed. (Chapters 14 and 15: Complexes of Transition Metals: Chapter 20: 
Carbonyls). Routledge and Kegan Paul. London. 

Griffith, W.P. (1968) Organometallic nitrosvls, Adv. Organometallic Chem.. 7. 

211 . 

Griffith. W. P. (1973) Comprehensive Inorganic Chemistry. Vol. 4 (Chapter 46: 

Carbonyls, cyanides, isocyanides and nitrosvls). Pergamon Press. Oxford. 
Hunt. C.B. (1977) Metallocenes - the first 25 years. Education in Chemistry . 14. 
110-113/ 

Johnson, B.F.G. and McCleverty. J.A. (1966) Nitric oxide compounds of 
transition metals. Progr. Inorg Chem.. 7. 277 
Johnson. B.F.G. (1976) The structures of simple binary carbonyls. JCS Chem. 
Commun.. 211-213. 

Johnson. B.F.G. (ed.) (1980) Transition Metal Clusters . John Wiley. Chichester. 
Kauffman, G.B. (1983) The discovery of ferrocene, the first sandwich compound 
J. Chem. Ed.. 60. 185-186. 

Levason, W. and McAuliffe. C A (1974) Higher oxidation state chemistry of iron. 

cobalt and nickel. Coordination Chem Rev.. 12. 151- 184 
Lever, P. and Gray. H.B. (eds) (1989) Iron Porphyrins (Physical Bioinorganic 
Chemistry Series), V.C.H. Publishers. 

Lewis. J. and Green. M L. (eds) (1983) Metal Clusters in Chemistry (Proceedings of 
the Royal Society Discussion Meeting May 1982). The Society. London 
Nicholls, D. (1973) Comprehensive Inorganic Chemistry. Vol. 3 (Chapter 40 Iron). 
Pergamon Press. Oxford. 

Perutz. M. (1970) Stereochemistry of cooperative effects in haemoglobin. Nature. 
228. 726-739. 

Seddon. E.A. and Seddon. K.R. (1984) Chemistry' of Ruthenium (Topics in 
Inorganic Chemistry Senes. Vol. 19), Elsevier. 

Suslick. K.S. and Reinert. T.J. (1985) The synthetic analogs of O-Binding heme 
proteins. J. Chem. Ed.. 62, 974-982. 

Toth, L.E. (1971) Transition MetaI Carbides and Nitrides. Academic Press 
Williams. R.V. (1969) Carbon determination in modern steel making. Chemistry in 
Britain . 5. 213-216. 

Wilkinson. G., Rosenblum. M.. Whiting. M.C. and Woodward. R B. (1952) The 
structure of iron 6/j-cyclopentadienyl. J. Am. Chem. Soc.. 74. 2115-2126 (The 
first report of a sandwich type of organometallic compound.) 


Scanned by (JamScanner 


Group 9 - the cobalt group 



Table 25.1 Electronic structure and oxidation states 


Element 


Electronic structure 

Oxidation states* 

Cobalt 

Co 

(Ar) 3 d 1 is 2 

(-I) 0(1) II III (IV) 

Rhodium 

Rh 

[Kr| 4 d* Si 1 

(-i)o (i) n ni rv (vi) 

Iridium 

Ir 

|Xe] 4/ 14 5 <T 

(-D 0 (i) (U) in iv (v)(vi) 


“ The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 
in normal type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 


OCCURRENCE, EXTRACTION AND USES 

The elements have odd atomic numbers and have low abundance in the 
earth’s crust. Co occurs to the extent of 23 ppm by weight, whilst rhodium 
and iridium are extremely rare. 

Table 25.2 Abundance of the elements in the 
earth's crust, by weight 


ppm 


Relative abundance 


Co 

Rh 

Ir 


30 

0.0001 

0.00L 


29 

77 

74 


There are many ores which contain Co. TTte eommegMIy important 

ones are cobaltite CoAsS, smaltite CoAs, and linnaeite CojS 4 . These are 
c cuoaiiuc . w j t h Cu ores and sometimes with 

Jwaysfound together with »owjotej „ lrKtion of , he other 

"T 0 **■, Co CO ores was 30100 tonnes of 

meui,. In 1992. world 22%, Canada 17%, 

cohtained metal. The main producers were "" . 

Zambia and the Soviet Union 15% each and Ayjnta I 
Tk_ _ . invert it to a mixture of oxides calico speisses . 

The ore is roasted to invert- ^ ^ vI , ulble by-products. The 

and/or SO 2 come 8 continued overleaf 


25 
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, -,K h so. when Fe (which is often present as an 
oxides are treated with HjbU., sepa raied from Cu or Pb. Lime is 

impurity). Co and Ni dissolve ^"^Xd.ous oxide Fe 2 0, • (H 2 0)„. 

added to the solution to precip ('n(OH)i The hydroxide is ignited to 

H. orctaooal ,o 0. 

mctal * * «• u tpm nprature alloys with steel, and about one 

tor ,„i, Th,* «„d 

i„ 8 ,s engine. »"<> * 8 " >pood s .,,1 wh.ch >«wl 

to make cutting tools for lathes. High working speeds can be used as these 
tools retain their hardness and cutting edge even at red heat. Exceptionally 
hard alloys can be made which can be used instead of diamonds in rock 
drills, e.g. stellite (50% Co, 27% Cr, 12% W, 5% Fe and 2.5 /„ C) and 

widia metal (tungsten carbide WC with 10% Co). 

A third of the Co produced is used to make pigments for the ceramic, 
glass and paint industries. Historically the oxide was used as a blue pigment 
in the ceramic industry. It is used to make blue glass. Nowadays it is mainly 
used to counteract the yellow colour of Fe and give a white colour. 

Co is ferromagnetic (i.e. it can be magnetized permanently) like Fe and 
Ni. One fifth of the Co produced is used to make magnetic alloys such as 
Alnico (containing Al, Ni and Co). These alloys make powerful permanent 
magnets which are 20-30 times more powerful than magnets of Fe. 

Small amounts of the Co salts of fatty acids from linseed oil and 
naphthenic acid are used as "driers’ to speed the drying of oil paints. 

Co is an essential constituent of fertile soil and is present in some 
enzymes and in vitamin B )2 . 

The artificial isotope ^Co is radioactive, and undergoes P decay (half 
life 5.2 years). At the same time it gives out intense high energy y 
radiation, which is used in hospitals for radiotherapy of cancerous 
tumours. ^Co is prepared by neutron irradiation of the only naturally 
occurring isotope * y Co in a nuclear reactor. 


27 C 0 


2 nNi + _fe 4- v + y 


Trace amounts of rhodium and iridium are found in the metallic state 
together with the platinum metals and the coinage metals in the NiS/CuS 
ores mined in South Africa, Canada (Sudbury, Ontario), and the Soviet 
Union (the river sand from the Ural mountains). World production of all 
six platinum group metals was only 281 tonnes in 1992. The largest 
purees were South Africa 54%, the Soviet Union 37%, and Canada 4 %. 

Jk 1 TJL , °^ tained from the anode slime which accumulates in 
the electrolytic* refining of Ni. This contains a mixture of the platinum 

metals together with Ag and Au. The elements Pd, Pt, Ag and Au are 
dissolved in aqua regia and the residue contains Ru, Os, Rh and Ir. 
After a complex separation Rh and Ir are obtained as powders. Their 

Shrir^p^m 11 ! 5 Ve ^ and P° w der forming techniques are used to 
* \ C ™P° ne " ts (The powder is formed into the required 

shape, then sintered, i.e. heated in hydrogen until it congeals. It does not 


[ 


general properties 


melt.) These elements are both searr#» — 

number ot specialist uses, pensive, and have a limited 

All the platinum metals have specific ~ 

was formerly used in the Ostwald process ffnr pr °P ertl ®*; A Pt/Rh all ° y 
NH, to NO. Rh is an important caUlys, in th? 8 , T^ ‘° 
emissions. Rh-phosphine complexes are use \ C ° ntr ° of car exhaust 
genation reactions. Ir (like Os in the previous group)^uJd.o make^ 

h J TIwAr ? makC Piv ° ,s for instruments. A Pl/UaS 
,s used to make the electrodes for long life sparking plugs. These are 

expensive but have important military uses, for example in helicopters. 

The USA used a lot of this alloy during the Vietnam war. P 
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OXIDATION STATES 

The trend for the elements in the second half of the (/-block not to use all 
their outer electrons for bonding in the maximum oxidation state is 
continued. A possible report of Co( + V) has been disproved, and even 
Co( + IV) is unstable. The maximum oxidation state for Rh and Ir is ( +VI). 
For Co, the ( + 11) and ( + III) states are by far the most important. The 
trend in the later elements of the first row for the ( + 11) state to be more 
stable than ( + 111) is also observed. Co 2 * ions and the hydrated ion 
[Co(H 2 0) 6 ] 2 * exist in many simple compounds and the hydrated ion is 
stable in water. In contrast simple compounds containing Co(+III) are 
oxidizing and are relatively unstable. However, Co( + III) is stable and is 
very important in complexes. 

The most stable states for the other elements are Rh(+III), Ir(+III) and 
Ir(+IV). Simple ionic compounds of these elements are uncommon. The 
oxides and halides formed are shown in Table 25.3. 


GENERAL PROPERTIES 

Co resembles iron and is very tough. It is harder and has a higher tensile 
strength than steel. Co is bluish white and lustrous in appearance. Like 
iron it is ferromagnetic, but on heating above 1000 C it changes to a non¬ 
magnetic form. 

Co is relatively unreactive, and does not react with H 2 0, H 2 , or N 2 , 
though it reacts with steam, forming CoO. It is oxidized when heated-in air 
and burns at white heat to Co,0 4 . Co dissolves slowly in dilute acids, but 
like Fe it is rendered passive by concentrated HNO,. Co combines readily 
with the halogens, and at elevated temperatures with S, C, P, As, Sb and 

"Rh and Ir are also hard metals. In common with the other platinum 
metals they are much more noble and unreactive. Ir has he highest density 
of any element. 22 . 6 ! gcm- 1 . Rh and Ir are resent to acids, bu, react 
with 0 2 and the halogens at high temperatures (Tab e 25.5). All three 
dements form a large number of coordination compounds. 
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Table 25.3 Oxides and halides 


(+10 

CoO 

RhO 


CoF 2 

CoCI 2 

CoBr 2 

CoI 2 


(+III) 

(CojOj)" 

RkjO, 

lr 2 0, 

CoF, 


Oxidation states 

(- HV) (+V) 

(CoOi)' 

Rh0 2 

IrOj 


(+VI) 


Others 

Co,0 4 


(IrO,) 


(IrCI 2 ?) 


RhFj 

RhClj 

RhBr, 

Rhlj 

IrF, 

IrClj 

IrBr 3 

Irlj 


RhF 4 


(RhF<) 


RhF. 


IrF 4 

(IrCU) 


(IrF 5 ) 


The most stable oxidation states are shown in bold, unstable ones in brackets, 
h = hydrous oxide. 


Table 25.4 Some physical properties 



Covalent 

radius 

(A) 

Ionic radius (A) 

m’* 

Melting 

point 

(°C) 

Boiling 

point 

(°C) 

Density 

(gem"’) 

Pauling's 

electro¬ 

negativity 

Co 

1.16 

0.745" 

0.65' 

0.61" 

0.545' 

1495 

3100 

8.90 

1.8 

Rh 

1.25 

- 

0.665 

1960 

3760 

12.39 

2.2 

Ir 

1.26 

— 

0.68 

2443 

(4550) 

22.61 

2.2 


h = high spin value. I * low spin radius. 


Table 25.5 Some reactions of Co, Rh and Ir 


Reagent 

o> 

Fi 

d, 

H.O 

Dilute HO or HNO. 
Cone. HNO, 


Co,0 4 

CoF. and CoF. 
CoO, 

No reaction 
[GXHjOk] 1 * + H. 
Passive 


Rh.O, at 600*C 
RhF, at 600‘C 
Rhd, at 400*C 
No reaction 
No reaction 
No reaction 


IrO. at 1000“C 
IrF, 

liCI, at 600*C 

• r 

No reaction 
No reaction 
No reaction 
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LOWER oxidation states 

s**- skt ' 5f»w. nwff.wTOSrs 

Kr ^ht OX,dat,on state in Coj(CO)*. though there is 

some doubt about the corresponding Ru compounds (Figure 25.1). Other 

zero-valent compounds are K4Co(CN) 4 ] and [Co(PMe 3 ) 4 J. 




L MI , 

% c \ f 

N Co " 


4\\\ 

0 o 


\f/ 

/i\ 


Figure 25.1 Two isomeric forms of Co 2 (CO) 8 , both with metal-metal bonding. 


The carbonyls Co 4 (CO) 12 , Rh 4 (CO), 2 and Ir 4 (CO) J2 all have M—M 
bonds and contain a cluster of four metal atoms. The CO groups may be 
either apical (terminal) or bridging. There are slight differences between 
compounds of the metals. The Co and Rh compounds have three bridging 
CO groups but the Ir compound has none (Figure 25.2). 


% $ 
o ^ 

V 


o 1,1 /> 

\ ? <f' 

\)/ 


O-C-l 


i,: 


III % 

o 


M-C=0 


tSi | c %o 
°*C 


i , and Rh 4 (CO), 2 and (b) Ir 4 (CO), 2 . 

Figure 25.2 The structures of (a) Co 4 (CU), 2 ana 

__ VI /rni.J and the carbonyls Coft(CO)i6 

The carbonyl ion from N f 3l t C ° 6 1 ( ure . ), c J )m p ris j n g an octahedral cluster 

and Rh^COU have U " US “? 0 S r bridging three metal atoms on each 
of six metal atoms with a C g P • • £Q g r0U ps are normal 

triangular face of the octahedron- The remaim g g 

terminal groups. 
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GRQUP9-THECOBA l£ggg^L-— 

(+ 1 ) STATE ^ bonded ligands. The (+1) state is 

Co(+I) exists in many comp othef first row transition meul except 
better known for Co than fo J b reducing CoCl 2 with Zn or NjH,. 

Cu. Compounds areusuay n ? struct ures are typically a trigonal 
in the presence of the ligana. »» cl 

bipyramid or tetrahedral ^ orga nic isonitriles R-NC, giving 

[C?fCNR)!r°whSh has a trigonal bipyramid structure. A dinitrogen 
[S,pfex can be formed by direct uptake of N 2 gas at atmosphenc pressure: 

Co(acac) 3 + N 2 + 3Ph 3 P - [Co‘(H)(N 2 )(PPh 3 ) 3 ] 

The ligand (acac) is acetylacetonate. The c°mplex [Co'(H)(N 2 )CPPh3)^ 

also has a trigonal bipyramidal structure ( Fi l ure25 ^ wh * a f\, 
bond length of 1.11 A compared with 1.098AinN 2 . Since the N—Nbond 
length is almost unchanged, this indicates that a bonding from N to Co is 
extremely weak. Thus the N-Co bond is mainly due to n bonding (back 
bonding) from Co to N similar to that in [Ru(NH 3 ) 5 N 2 ] . (Dinitrogen 

complexes are discussed in Chapter 24 under *4-11 state - complexes*). 


Ph/ 



PPh 3 


Figure 25.3 The structure of [Co 1 • H(N 2 )(PPh 3 ) 3 ]. 

The reduced form of vitamin Bj 2 also appears to contain Co(+I). 
There is a fairly extensive chemistry of Rh(+I) and Ir(+I) complexes 
with n bonding ligands such as CO, phosphines PR 3 and alkenes. These 

f* ther a s< * uarc P lanar structure, for example fra/tf-IlKC 1 ) 
, ( ca,led Vaska ’ s compound) and [Rh(Cl)(PPh) 3 ] (called 
Wdktnsons catalyst), or a trigonal bipyramid structure as in (Rh(H)TCO) 

P \-? 3 ' m e i SqU *f e p,anar ( +I ) compounds undergo an unusual type of 
reaction called oxidative addition. In this a neutral molecule is added to the 

(+1) complex to give a (+IH) octahedral complex. 

[Ir I (Cl)(CO)(PPh 3 ) 2 ] + HC1 -► IIr I,, (a) 2 (CO)(PPh 3 ) 2 H] 

A similar reaction occurs with H 2 , H 2 S. CH 3 I, and Cl—HgCI. A different 
reaction occurs when other molecules such as 0 2 , SoJTc^, R nCS ’ 
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Figure 25.4 [Ir ,,, CI(C0)(0 2 )(PPhO 2 ] complex. 


RNCO and RC=CR are added to the ( + 1) square planar compounds. 
(The added molecules all contain multiple bonds.) Here the added 
molecule acts as a bidentate ligand, thus forming a cyclic structure (Figure 
25.4). 

Vaska’s compound is yellow, and it readily absorbs 0 2 and becomes 
orange coloured. The 0 2 may be removed by flushing with N 2 . This rever¬ 
sible oxygenation has been studied as a model for the oxygen carrying 
ability of haemoglobin (see Chapter 24). Oxidative addition reactions have 
been observed for complexes where the central metal has a d* or d' n 
configuration involving Rh 1 , Ir 1 , Ni°, Pd°, Pt", Pd 11 and Pt 11 There must be 
non-bonding d electrons available on the metal, and also two vacant 
coordination sites. 

Wilkinson's catalyst [Rh(CI)(PPh),) is red-violet in colour, and is made 
by refluxing RhCl., • 3H 2 0 with triphenyl phosphine. It has a square planar 
structure. It is very effective for selective hydrogenation of organic 
molecules at room temperature and pressure. Alkene groups at the end of a 
chain (alk-l-enes) are hydrogenated but double bonds elsewhere in the 
chain are not affected. It is of importance in the pharmaceutical industry. 

Wilkinson's catalyst and various Co compounds such as the carbonyl 

hydride HCo'(CO) 4 have been used as catalysts in the OXO process, n 

this process. CO and H, are added to an alkene. thus forming an aldehyde^ 

A temperature of 150°C and 200 atmospheres pressure are required^ The 

0X0 process is of considerable industrial importance, asjhe aldehydes 
«. j r . . ■ • oi/'nhnk About 3 million tonnes or v-y 

produced can be converted These are a mixture of straight 

alcohols are produced annually m thi. defending on the position of the 
chain and branched chain molecules P c * ain a|coho , s are u$ed , 0 

double bond in the hydrocarbon. T ® r(s , 0 improve ,he yield of the 

make polyvinyl chloride and deterg ^ triphenylphosphine substituted 
straight chain products involve , iRhfCOXHHPPhdi) has also been 
carbonyls of Co. The complex tran I ca talyst in the hydrogenation 

elsewhere in the chain. 
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- ^ROUPg^ECOBALTg gg^--- 

i ir rt »rCNUl 4 ". A low-spin octahedral complex 
of an octahedral complex [ ' .1 an( j as the e. level is not sym- 

would have ,h « config 7. at '°f fe ( r 2 ' f ; oi ; jahn-Teller distortion. The CN' 
metrically filled it wou jt acce n ts electrons from the metal in 

ligand is a strong * accep the crystal fie | d splitting A.,, which 

, b TJ S 1. in *»« ">» "°+r •-•*?■?>»■« 

at) 3 octahedral complex was formed, these h.gh energy e f orb.tals must 
contain one electron. This makes the octahedral complex too unstable to 
exist. (In marked contrast Co( + IH) has the configuration ( hf ) (e p ) and 
the octahedral complex [Co ,M (CN) h )’- is extremely stable). 

The [Co"(CN),] , ~ complex is oxidized by air to give a brown coloured 
peroxo complex K^[(CN )^Co' —O O Co (CN)j) which is discussed 
under (-hill) complexes. 

Less commonly Co(’hll) forms square planar complexes with bidentate 
ligands such as dimethylglyoxime. and with tetradentate ligands such as 
porphyrins. Magnetic measurements can be used to distinguish between 
tetrahedral and square planar arrangements. Tetrahedral complexes have 
three unpaired electrons and square planar only one. 

Co 2 * ions are very stable and are difficult to oxidize. Co 3 * ions are less 
stable and are reduced by water. In contrast, many Co( + II) complexes are 
readily oxidized to Co( +III) complexes, and Co(-hill) complexes are very 
stable. 


[Co"(NH,)„] 


2+ hubblc f ^ in 


[Co m, (NH,)*| ; 


This happens because the crystal field stabilization energy of Co( + III) with 

a d configuration is higher than for Co( + II) with a d 7 arrangement 
(Figure 25.5). 

Certain porphyrin complexes of Co( + II) are structurally similar to 
haemoglobin (Figure 25.6). 



r igure 


0 ~***“»-«* *» *** ion. i. . » 


r. 



(♦II) STATE 


CONN, 


CONH, 


,CH, 


M CH. 

L 


CONH, 


CONH,/ 


R N 


CONH* ' 

* i 

H 


\i/ \ 

/T\ J 

N I -- 

\ ! II ) 


I, j CH, 

I 

I 

N ^ 


CH, 


CONH, 


CH O' 

CH, l I 

„/ c ^o/7/^o 

O I 


H \ ! 

V H M 

CHjOH 


Figure 25.6 Vitamin Bi 2 . The corrin ring is shown in heavy type. 

The complex (Figure 25.7) is a Schiff s base and is capable of reversible 
oxygenation and deoxygenation in pyridine solution at room temperature. 
Though Co complexes are not involved in oxygen metabolism in the body, 
they serve as. useful models for metal-oxygen binding in biological 

systems. 

cV CH ’ 

Figure 25.7 A complex of Co(-MI) with both N and O donors. 

farmed bv Co and Rh. Cobaltocene 
Ferrocene-like complexes are to ^ cyc iopentadienide NaC 3 H 5 

(Co"(»j 5 -C 5 Hs)J is formed by re , [ t j s dark purple, and is air sensi- 
with anhydrous CoCI 2 in tetrahy r ' form the ve ry stable yellow 
«ve. It is easily oxidiz«i (i.e. loses an^electron, t ^ ^ by cQn . 

coloured ion (Co ,,, (r? ! -CjH,) 2 l are ^dted by nucleophilic 

centrated HNO,, but like ferrocene th g 


ouciiiiieu uy ociiiioucimiei 





reagents. Rhodocene [Rh'^T^-CjH*^] is rather less stable, and tends to 
dimerize. 

Rhodium and iridium form few (+ 11 ) compounds. The existence of RhO 
is uncertain, and IrCl 2 exists as a polymer. There appear to be no 
complexes comparable with those of Co( + lI). However, if RhCI 3 • 3H 2 0 is 
warmed with a solution of sodium acetate in methanol, a dimeric diacetate 
is formed HOH 3 C • Rh (R • COO ) 4 • Rh • CH 3 OH. The four carboxylate 
groups bridge the two Rh atoms, giving a structure like that for 
chromium(II) acetate (Figure 22.2). This has a M—M bond length of 
2.39 A which is interpreted as a quadruple M—M bond. Some complexes 
with phosphine ligands are known. 


(+III) STATE 

This is the most common oxidation state for all three metals, particularly in 
complexes. Co( + IlI) occurs in only a few simple compounds such as 
Co 2 (S0 4 ) 3 • 18H 2 0, NH 4 Co(S 0 4 ) 2 • 12H 2 0 and KCo(S0 4 ) 2 • 12H 2 0. These 
are blue coloured and contain the hexaaqua ion [Co(H 2 0) 6 ]' + . They are 
all strongly oxidizing. Co 2 0 3 is not known in the pure state, only as a 
hydrated oxide which oxidizes water. CoF 3 is a light brown solid, which 
is made from CoF 2 and F 2 . CoF, is rapidly hydrolysed by water. It is 
commonly used as a strong fluorinating agent, as it is easier to handle and is 
less reactive than F 2 . Anhydrous Co'"(NO,), may be prepared from CoF, 
in a non-aqueous solvent such as N 2 0 4 or N 2 0, at low temperatures It has 

“ a ‘ KH CtUre W J‘ h C ° at ,he centre of a " octahedron of O atoms 
from three b.dentate NO," groups. The chemistry of Co(+III) is largely 
that of its coordination compounds. ^ ^ 

500X. O h d h e a ?°,^ j iS I’' 3 " 1 ' and iS f ° rmed by heatin 8 the metal in air at 
Fe"Fe ,u 2 0 4 and Co'Xo 1 " rf'T' ll^ Fe, ° J These are better written 
mately close packed. The ijge ! "ow-sp'n Co (‘+1 m ° a '° mS “1 appr0xi ’ 

octahedral holes and the smafler high-spin Co(+ are' ,?'!^ 

tetrahedral holes. ® P n ^<H + 1I) are in one eighth of the 

Co(+IH) complexes are produced easilv ; n * 

preparing compounds with simple Co-’*’ ™ St to ,he difficulty in 

complexes than any other elemem ,ons ‘ C °^ + I11 ^ forms more 

seen that the coba^Ta^'fom ca«on d bCl ° W W ' ,h their colours >• can •* 

torn, cation, anion and neutral complexes. 

| C °( N H,) 6 r yellow 

C °(NH,) 5 • H 2 0]- ,+ pink 

[C°(NHj)jCI] 2 * purp)e 

[Co(NH 3 ) 4 C0 3 ] + purple 

C0(NH,)3(NO 2 ) 3 J yellow 

?< CN W , ~ violet . 

[Co < N <W orange 
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(+III) STATE 


practically all complexes of Co(+lII) have six ligands in an octahedral 
.rrangcmeil- The metal has a d configuration, and most of the ligands are 
lr ong enough to cause spin pamng, giving the electronic arrangement 
/,)* («/• This arrangementhas a very large crystal field stabilization 
„Jrgy. Such complexes are diamagnetic. The one exception is [CoFJ 3 * 
#hich is a high-spin complex, and is paramagnetic. Complexes with nitrogen 
donor ligands (ammonia and amines) are the most common. 

These complexes may be prepared by oxidation of a solution containing 
Co 2 * with air or H 2 0 2 in the presence of appropriate ligands and a catalyst 
such as activated charcoal. It is also possible to substitute ligands in an 
existing complex. The complexes are very stable, and ligand exchange 
(substitution) reactions occur only slowly. This is the reason why 
complexes of Co( + lII) have been so extensively studied since the 1890s 
by Werner and others. Much of our knowledge on the stereochemistry, 
isomerism and general properties of octahedral complexes has come from 
these studies. 

Co 3 * has an affinity for N donors such as NH,, ethylcnediamme, 
amines, EDTA and the nitrite ion NO?. The salt sodium cobaltinitrite 
Nai|Co(N0 2 ) 6 ] is an orange coloured solid. It is used in both qualitative 
and quantitative analysis to precipitate K* as K,|Co(N0 2 ) ft ). The complex 
(Co(CN) h ) 3 " is extremely stable and is not decomposed even by alkalis. 
The CN' ligands are very firmly bonded by n back bonding, and the cry¬ 
stal field stabilization energy is very high. The complex is claimed to be 
non-toxic. 

An aqueous solution containing [Co'^CN)*) 3- and KCN can be oxidized 
by air to give a brown coloured complex ^[(CN^Co 111 —O—O—Co 111 
(CN)*). The peroxo bond length O—O is 1.45 A compared with 1.48 A in 
H 2 0 2 . This complex can be oxidized by air, or better by Br 2 , to give a red 
complex K*[(CN)*Co—O—O—Co(CN)s). Whilst this might contain Co" 1 
and Co lv , the X-ray structure shows that the O—O bond length is very 
much shorter than before at 1,26 A. The reason for this shortening is that 
an antibonding electron has been removed from the O—O 2- . ion and this 
has now become a superoxide linkage with a bond order of 1.5 (see 
Chapter 4). If solutions of the peroxo or superoxo complexes are boiled, 
yellow coloured K 3 (Co(CN) 6 ] is formed. 

Several different isomers are found in complexes with the bidentate 
'igands such as ethylenediamine (en), acetylacetone or oxalate ions: 

4Co 2 * + 12en + 4H + 4- 0 2 4[Co m (en),) 3+ 4- 2H 2 0 


Jr*\i C0m Plex potassium tris(ethylenediamine)cobalt(III) contains the 
L (en),) 3 * ion which is optically active and exists in d and / forms (see 
Chapter 7 under ‘Isomerism’). A similar preparation in the presence 
® , H 9 ^ves the dark green salt rrfl/w-(Co m (en) 2 (Cl) 2 ] 2+ which on care- 
c * a P° ra tion of a neutral solution gives the purple cis isomer. Both 
I * crs undergo substitution! reactions on heating with water, giving first 
^(cn) 2 (a)(H 2 0)) 2 * then [Co(en) 2 (H 2 0 2 )] 3 +. Similar substitution re- 
Cll0n * occur With other ligands such as NCS , giving [Co(en)j(NCS)jj + 


GROUP 9 - THE COBALT GROUP 


Complexes with O donors are generally less stable but those with 
chelating ligands such as [Co(acetylacetone).,| an ( o(oxa ate),] are 
stable, and are optically active. 

Halogen complexes are rare and [CoF 6 j is the only hexahalide 
complex known. This is blue, as is (CoF,(H 2 0)j). and both are unusual 
because they are high spin, and hence are paramagnetic with a magnetic 
moment of about 5.8 Bohr magnetons. 

Vitamin B| 2 is an important Co complex. The vitamin was isolated from 
liver after it was found that eating large quantities of raw liver was an 
effective treatment for pernicious anaemia. Injections of vitamin B 12 are 
now used for treatment (more pleasant than eating raw liver!). Vitamin B )2 
is a coenzyme, and serves as a prosthetic group which is tightly bound to 
several enzymes in the body, but the precise role of vitamin B 12 is not fully 
understood. Dorothy Crowfoot Hodgkin was awarded the Nobel Prize for 
Chemistry in 1964 for X-ray crystallographic work including solving the 
structure of this enzyme. The complex contains a Co( + III) ion at the 
centre of a corrin ring system (Figure 25.6). This is similar to the arrange¬ 
ment of Fe( + II) in a porphyrin ring in haemoglobin except that the corrin 
ring is less conjugated and rings A and D arc joined directly. The Co atom 
is bonded to four ring N atoms. The fifth position is occupied by another N 
from a side chain (a-5,6-dimethylbenzimadazole) and this is also attached 
to the corrin ring. The sixth group which makes up the octahedron is the 
active site, and is occupied by a CN - group in cyanocobalamin. The CN" 
is introduced in isolating the coenzyme, and is not present in the active 
form in living tissue. This position is occupied by OH’ in hydroxoco- 
balamin. by water or by an organic group such as CH, (methvlcobalamin) 
or adenosine. This shows that a metal to carbon a bond can be formed 

Saline i a r, mS T b u redUCed fr ° m C °'" ,0 Co " and Co ' in neural or 
The Co' ° T thC laboratory a nd in vivo (in the living body). 

the ^ T 15 S,mngly reducj ng- Hs structure is five-coordinate i e 
the sue usually occupied by CN - or OH " ,s vacant 

Methykobabmin is important in the metabolism of certain bacteria 
wh,ch produce methane. These bacteria can also transfer a methyl group 

" P ' ' AU ' and Hg "- Th < > a «erZs acorn 
inorganic He salts into h e M aS * * bacleria can transform elemental Hgor 

mercury (CH,) : Hg a, theZoTofZes. CH ' Hg ~ ° r d,me ' hyl 

is involved in ' n S ° me enz >' mes - Glu,amic mutase 

in the biosynthesis of DNA T dmmo acids and ribonucleotide reductase 

animals. Some sheep raised a ° f C ° balt are eSSen,ial in ,he di " of 

Britain suffered from a defir d ^ us,ral| a. New Zealand. Florida'and 

on cobalt deficient soil This wh,ch was ,raced 10 them grazing 

periodically, or by forcing the^ni^ , remedied ei,her treating the soil 

pellet remains in the rumen and J | S '°, <iWallow a P e,let of coba,t ' n,,S 
(Sometimes the animals are m . i d S ° w y releases cobalt into the gut. 

too remains in the rumen -.nd it 6 swallow a me,al screw as well. This 

rumen and its purpose is to scrape any coating off the 




cobalt pellet. The pellet is recovered and j 
slaughtered.) Larger amounts of cobalt ' he animals afe 

cobalt (1-1.5 ppm) are added to beer to make i* f m .u harmful Traces of 
linked with an increased rate of heart fail. F ° h better - This has been 
who have a dietary deficiencyof heavy beer drinke - 

All the (+III) halides RhX, andTrX ° *J' am,ne ' 
fluorinating RhCI,. lrF 3 by reducing hF t with^nd^ 3 11 pre P ared b > 
reaction. They are all insoluble in water unrM ’ ," d the others b Y dlrec t 
layer lattices. The oxide Rh 2 0 3 is obtained hv h lve and P robabl y have 
Ir 2 0 3 is only obtained with difficultv as the h urmn S the metal in air. 

alkali to Ir" 1 solutions under an £ ox,de - 1 **■ 

to Ir' v O, In contrast tn ,L a atmosphere, as it oxidizes easily 
id kUi/Li ri\ *| 3 contrast to the oxidizing properties of (Co ll, (H 2 0)J 3+ 

[Rh (H 2 0) 6 ] exists as a stable yellow coloured ion 
A considerable number of Rh(+III) and lr(+III) complexes are known 
Like the complexes of Co(+llI) they arc typically octahedral, stable, low 
spin and diamagnetic, e g. [RhCI„p-, [Rh(H 2 0) 6 p+, and [Rb(NH 3 ) 6 p\ 

The chloride complexes are made by heating finely divided Rh or Ir with a 
Group 1 metal chloride and chlorine. 
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2Rh + 6NaCl + 3CI 2 -► 2Na 3 [RhCl ft ) 

The complex NajfRhCl^] • 12H 2 0 is red coloured and is ihc best known 
compound of rhodium. On boiling with water it gives [Rh(H 2 0) 6 | 3 *, and 
with NaOH it gives Rh 2 0 3 • H 2 0. The yellow coloured hydrated ion is 
converted back to the chloro complex with HCI. If Rh 2 0 3 • H 2 0 is treated 
with a limited amount of HCI then [RhCl 3 -3H 2 0] is formed, but with 
excess acid [RhCl 6 ] 3 ~ is formed instead. [RhC^ • 3H 2 0] is octahedral, and 
should exist as two different isomeric forms fac and mer (see Figure 7.3). 

A small number of complexes are known which are not octahedral, e.g. 
[RhBr 5 ] 2_ and [RhBr 7 ] 4_ . Metal-metal bonds are found in a few 
complexes: 


[(R 3 As) 3 Rh m (HgCl)] + Cr contains Rh-Hg bond 
[Ir 2 Cl 6 (SnCl 3 ) 4 ] 4 " contains Ir—Sn bonds 

Rh(+III) and Ir(-fHI) form basic acetates [Rh 3 0(CH 3 C00) 6 L 3 p 
which have unusual structures. The Rh atoms form a triangle with an O 
atom at the centre. The six acetate groups act as bridges between the Rh 
atoms - two acetate groups across each edge of the triangle. Thus each Rh 
atom i$ linked to four acetate groups and the central O, and the sixth 
position of the octahedron is occupied by water or another ligand. The 
magnetic moment is reduced due to partial pairing of d electrons on the 

, 3 ^ ^ ’ r 3 , oives the metal, whereas reduction of 

°t Rh( + |||) and Ir(-t-III) complexes gives ine me 

^'°( + lll) gives Co( + 11). 



Figure 25.8 Structure of 
|Rh>0(CH 3 C00) 6 (H 2 0) 
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GROUP 9 - THE COBALT GROUP 


(+IV) STATE 

This is the highest oxidation state normally obtained for cobalt. Oxidation 
of alkaline Co 2+ solutions gives an ill-defined product thought to be 
hydrated Co0 2 , and a.complex Ba 2 Co ,v 0 4 has been reported. 

If the activated charcoal catalyst is omitted from the preparation of 
[Co(NH 3 ) 6 ] 3+ by the air oxidation of Co 2 + , then a brown compound 
containing [(NH 3 ) 5 Co ,n —O—O—Co m (NH;05] 4 * can be isolated. This 
is stable in concentrated NH 4 OH solution, or as the solid, but can be 
oxidized by strong oxidizing agents such as persulphate (S 2 O k ) 2- to give a 
green peroxo complex which formally contains'Co( +IV). 


[(NH,),Co m —O—O—C o m, (NH 3 ).s] 4+ 


oxidize 
-► 


[(NH 3 ) 5 Co ,h —0->0—Co ,v (NH 3 )s] 5+ 


The magnetic moment of the green complex is about 1.7 Bohr magnetons. 
This is in agreement with the presence of Co( + lII) (</ 6 low spin, dia¬ 
magnetic) and Co( + IV) (d 5 low spin, one unpaired electron). However, 
electron spin resonance indicates that both Co atoms are identical. Thus an 
electron must be able to move across the peroxo bridge and spend an equal 
amount of time on both metal atoms. 

Several other binuclear complexes are known which use —O—O_ : " 

OH - , NH 2 or NH 2 “ as bridging groups: 


l(NH 3 ) 5 Co—NH 2 —Co(NH 3 )sp + (blue) 

NH, 

/ \ 

((NH 3 ) 4 Co^ Co(NH 3 ) 4 ) 3 ^ (brown) 

O, 


OH 


[(NH 3 ) 4 Co 


^Co(NH 3 ) 4 J 4 * (red) 


OH 


ir^-t-i v j is one or me most stable states, but Rh( + lV) is unstable and 
forms few compounds. Both metals form tetrafluorides. RhF 4 can be made 
from RhCI, and BrF,. lrC| 4 ts not very stable. IrO, is formed by burning 
the me a in air. but RhO, is only formed by strongly oxidizing Rh( + lll) in 
alkaline solution for example with sodium bismuthate. Rhodium forms 
only a few complexes e g. K 2 [RhF„] and K 2 |RhCI*l. but these react with 
water liberating 0 2 and eventually forming Rh0 2 . Iridium forms a variety 
of haltde and aqua complexes [IrCl.p-, [IrCI,(H 2 0),r. |lrCI 4 (H 2 0) 2 | 

and (IrCI, • H 2 0] The oxalate complex (Ir(oxalate),] 2 - can be resolved 
into a and / optical isomers. 







(+ V) AND (+VI) STATES 


Co(+V) compounds do not exist under normal conditions Rhr+vt ,„,t 
Ir(+ V) exist as pentafluorides (RhF,) 4 and (IrF 5 ) 4 . n, ese are vei r«ctive 

and . are D Ve3te,ramerics,ruc turewithM-F-M 
bndges similar to Nb Ta, Mo. Ru and Os (Figure 21 1) The onlv com¬ 
plexes known are C$[RhF A ] and Cs(IrF 6 J. ' y 

Rh(+VI) and Ir(+VI) occur only in RhF„ and IrF 6 , which are made by 
direct reaction. Neither is stable, though the heavier IrF 6 is more stable 
than RhFft. 
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Group 10 — the nickel group 


Table 26.1 Electronic structures and oxidation states 


Element 


Electronic structure 


Oxidation states 4 


Nickel Ni 

Palladium Pd 

Platinum Pt 


Ar] 3d 8 As 2 
Kr] 4d‘° 

Xe] 4 f' 4 Sd 9 6 


-I 0(1) II (III) (IV) 

0 (I)? II IV 

0(1) H (HI)? IV (V) (VI) 


• The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 
in normal type. Oxidation states that are unstable, or in doubt, are given 
parentheses. 6 


in 

4 


INTRODUCTION 

Nickel is moderately abundant and is produced in large quantities. It is 
used in large quantities in a wide variety of alloys, both ferrous and non- 
ferrous H's predominantly divalent and ionic in simple compounds, and 
exists as Ni(+II) in the most of its complexes. These are commonly square 
planar or octahedral. Palladium and platinum are both rare and expensive 
A™* arC " oble and not ver ? reactive, but are slightly more reactive than 
l P grOU P meta,s - ^ey are both used as catalysts. The 

SL^TSiSS atKm s,a,es are Pd(+,1) and pt(+,,) and *wvj. 


OCCURRENCE, EXTRACTION AND USES 
Nickel 

esirth’i CTUst* Comme^ C< i| nd mOSt abundant element by weight in tl 

are usually mixed with Fe or'c^siiloh d' ° res include sulphides, whi. 

cates and oxides/hydroxides PenH^ phlde *' and alluvial deposits of si 

tant ore. It always has a Fe Ni ,J■ d, * c (Fe ' Nl )» S « « the most impc 

of FeS called pyrrhori.e boS ITu * 1 = 1 ‘ h usua,, y ««« with a for 

USSR, Canada, and Lt^fri 1 ‘T“ ?'° Ured - and are found in * 

ores such as millerite NiS niccolite ” °, ther sul P hide and arsen " 

’ mccollt e NiAs and nickel glance NiAsS we 


Scanned by Uambcanner 




OCCURRENCE, EXTRACTION AND USES 


once important, but are now little used. Important alluvial deposits in- 
d ude gani'erite a magnesmm-mcke 1 silicate of variable coition 
(Mg,Ni)*SuO I o(OH) 8 , and mckeliferous limonite (Fe,Ni)0(0H)(H,01 
Mine production of or t contained 850000 tonnes of Ni in 1992 The main 
purees of ore were Canada 23%, the Soviet Union 21%,' and New 
Caledonia iz/o. 

The extraction of Ni is complicated by the presence of other metals. 
Sulphide ores now provide most of the nickel produced. The ore is con- 
centrated by flotation and magnetically, then heated with Si0 2 . FeS 
decomposes to FeO, which reacts with Si0 2 to form slag FeSi0 3 , which 

Table 26.2 Abundance of the elements in 
the earth's crust, by weight 



ppm 

Relative abundance 

Ni 

99 

22 

Pd 

0.015 

69 

Pt 

0.01 

70 


is easily removed. The remaining sulphide matte is cooled slowly giving 
an upper silvery layer of Cu 2 S and a lower black layer of Ni 2 S >3 which can 
be separated mechanically. (A small amount of metallic Cu/Ni alloy is 
also formed. This dissolves any of the platinum group metals present, and 
is used as a source of these rare and expensive elements.) The-Ni 2 S 3 is 
then roasted with air and converted to NiO.'This may be used directly in 
steel making. Alternatively NiO may be reduced to the metal by carbon in 
a smelter. The metal is cast into electrodes which are purified by electro¬ 
lysis in an aqueous solution of NiS0 4 . 

The Mond process provides an alternative method for producing high 
purity Ni. This process was patented by L. Mond and was used in South 
Wales from 1899 until about 1970. NiO and water gas (H 2 and CO) were 
warmed under atmospheric pressure to 50°C. The H 2 reduced NiO toNi, 
which in turn reacted with CO, forming volatile nickel carbonyl Ni(CO) 4 . 
(This is highly toxic and flammable.) Any impurities remained solid. The 
gas was heated to 230 °C, when it decomposed to give pure metal and the 
CO was recycled. A new plant in Canada now uses CO and impure metal, 
but runs at 150°C and 20 atmospheres pressure to form Ni(CO) 4 . 


Ni + 


4CO ^ Ni(CO), 


230 *C 


Ni + 4CO (Mond process) 

t tw - r miw/ii 

Nickel silicate ores such as garnierite ar ® 
a nd smelted with coke. The silicates form CaSi0 3 slag, and the Ni forms 

sulphide matte which is treated as ferrous an( j n0n -feiT0us alloys, 
ost of the Ni produced is us . res j stance to chemical attack. 

, 1 ,m proves both the strength of steel a Stainless steel mav 

Wl. 569000 lonnes of 
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GROUP 10 - THE NICKELGROUP 


.. . . fnr cutlery contains 20% Cr and 10% Ni 

contain 12-15% N. and «eel for cutlery^ ^ stee| ^ 

Very strong permanent "«g"et ^ ^ ^ in apparatus to handle F, 
metal is very tesistant to cont ains 68% Ni. 32% Cu and traces of Fe 
and other corrosive flu ®" _ e important. The Nimonic series of 

a " d M "^ Ve J a ' Tr Co A1 and Ti) used in gas turbine and jet 
engine where tlTey are^ubjected to high stresses and high temperatures. 
Others such as Has.elloy C are Used for their corros.on resistance. Nich- 
rome contains 60% Ni and 40% Cr and is usedtomakethe wire which 
gets red hot in electric radiators. Cupro-n.ckel 80 A Cu and 20 A Ni I b 
used to make ‘silver 1 coins. The so called nickel-silver contains roughly 
60% Cu. 20% Ni and 20% Zn. This is used to make imitation silver articles 
and can be electroplated on other metals to give EPNS (electroplated 
nickel-silver) The name nickel-silver is confusing as it contains no silver. 
Often steel is electroplated with Ni before electroplating with Cr. Some Ni 
is used in Ni/Fe storage batteries, which have the advantage that they can 
be charged at very fast rates without damaging the battery plates. Small 
amounts of very finely divided Ni (Raney Ni) are used for many reduction 
processes. Examples include the manufacture of hexamethylenediaminc, 
the production of H 2 from NH,. and the reduction of anthraquinone to 
anthraauinol in the production of H 2 O 2 


Palladium and platinum 

Pd and Pt are rare elements, but they are appreciably more abundant than 
the other platinum group metals (Ru, Os, Rh and Ir). World production of 
all six platinum group metals was only 281 tonnes in 1992. Nearly 100 
tonnes of this was Pt. Even though Pd is slightly more abundant than 
Pt, production of Pt is greater than that of Pd. The largest sources 
were South Africa 54%, the Soviet Union 37% and Canada 4%. South 
African sources yield more Pt than Pd, but Soviet sources yield more Pd 
than Pt. 

The platinum group metals occur as traces in the sulphide ores of Cu 
and Ni. They are obtained as concentrates as anode sludge from elec¬ 
trolytic processes for the major metals. The platinum group metals are 
also obtained from the Cu/Ni alloy produced in the separation of the 
sulphide matte of Cu 2 S and Ni 2 S* in the process, outlined for Ni above. 
Separation of the platinum metals is complex, but in the last stages 
(NH 4 ) 2 [PtCl 6 ) and [Pd(NHj) 2 CI 2 | are ignited to give the respective 
metals. The metals are obtained as powders or sponges, and are fabri¬ 
cated into solid objects by sintering. 

Roughly one third of the Pt produced is used in jewellery, one third in 
cars and one third for investment and for industrial uses. Pt has been used 
in jewellery since several centuries BC. The earliest users were the ancient 
Egyptians and the Indians of Peru and Ecuador. Nowadays it is often used 
to make the mountings for diamonds in rings and other jewellery* |l 
resembles silver and has been called ‘white gold’. Rather confusingly t h,s 
name is now used for a Pd/Au alloy. 
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■ ---- GENERAL properties 

° fP,,S,n ,hf ~»*y catalytic convene', 
h TeT^ °.r. y T “ R '° redu “ from the 

" FJ " 0 ^^° nVe ? r “ * ° eramic hone V com b which is coaled 
" rth **’ ?“ ?^. Rh exhaust gases from the engine exhaust pass 

' h T# a ‘ ab ° U ' 300 ^ ■"* Precious metals concert 

unbumt fuel, CO and oxides of nitrogen into harmless C0 2 and Nj. 

(Leaded petrol must not be used as Pb poisons the catalyst.) 

Both Pd and Pt find extensive chemical uses as catalysts. PdCI 2 is used 
in the Wicker process for converting QH 4 to CHjCHO. Pd is used for 
hydrogenations such as phenol to cyclohexanone, and also for dehydro¬ 
genations. Pt is very important as a catalyst in the oil industry in the 
reforming of hydrocarbons. Pt/PtO is used as Adam’s catalyst for reduc¬ 
tions. At one time Pt was used in the Contact process in the manufacture 
of HjS0 4 (to convert S0 2 to SO 3 ); V 2 0 5 is now used as catalyst instead 
of Pi as it is cheaper and less susceptible to poisoning. A Pt/Rh alloy was 
formerly used to oxidize NH 3 to NO in the Ostwald process for making 
HNOj. 

In the laboratory Pt crucibles are sometimes used and Pt is also used to 
make apparatus to handle HF. Pt is also used to seal into soda glass to 
allow electrical connections to pass through the glass. This is important in 
making electrodes, thermionic valves etc. Soda glass and Pt have almost 
the same coefficient of expansion, so the glass does not crack on cooling. 


OXIDATION STATES 

Ni shows a range of oxidation states from (-1) to ( + IV), but its chemistry 
is predominantly that of the (•♦•II) state |Ni(H 2 0)*l 2+ ions are green 
coloured and arc stable both in solution and in many simple compounds. 
Ni(-fll) also forms many complexes, which arc mainly square planar or 
octahedral. The higher oxidation slates of all three metals are unstable. 

Pd( +II) is the most important state, and occurs as the hydrated ion 
|Pd(HjO),| 2 ’ and in complexes. Pt does not form an aqua ion. Both 
Pt( + ll) and Pt(-*-IV( are important, but these are not ionic. The (+11) 
complexes are square planar and (+ VI) complexes are octahedral 
Zero-valent states occur for all three elements with * bonding■ 
such as CO The maximum oxidation state of (+VI) is only attained in 
d.c j ... _ ip.p i- The highest oxidation state attained 

rV nd ^ V > °?vT rib and PdF. The so-called PdF s does not 

^ Nl + ii Pd**IPd ,v F*| 2 ' The oxides and halides formed 

coouin Pd ,H but is really Pd |r<J r»j 

are shown in Table 26.3. 

general properties 

ki- • , _^,,i ,nd Pd and Pt are both grey-white. All three 

ts ——• ^ ”— 
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GROUP 10 - THE NICKEL GROUP _ 


Table 26.3 Oxides and halides 


Oxidation states 

(+ 11 ) 

(+III) 

(+IV) 

(+V) 

(+VI) 

Other 

NiO 

PdO 

(PtO) h 

(Ni 2 o,y 

(Pt 2 0 3 ) h 

Ni0 2 h 

(Pd0 2 ) h 

pio 2 

— 

(Pt0 3 ) h 

PtsO, 

NIFj 

— 

— 

• 



nici 2 

— 





NlBr 2 

— 

— 




Nil 2 

— 

— 




PdF 2 

Pd[PdF«j 

PdF 4 

— 

— 


PdCI 2 

— 

— 




PdBr 2 

— 

— 




Pd 1 2 

— 

— 





— 

PtF 4 

(PtF 5 ) 4 

PtF. 


PtCb 

PtCl,? 

PtCL 

— 

— 


PtBr 2 

PlBr,? 

PtBr 4 

— 

— 


Ptl 2 

PtL? 

Pt L 

— 




The most stable oxidation states are shown in bold, unstable ones in brackets, 
h = hydrous oxide. 


Table 26.4 Some physical properties 



Covalent 

radius 

(A) 

Ionic radius (A) 

Melting 

point 

(°C) 

Boiling 

point 

CO 

Density 

Pauling's 

electro¬ 

negativity 


M 2 * 


(gcm _s ) 

Ni 

1.15 

0.69 

o.^ 

0.56' 

1455 

2920 

8.91 

1.8 

Pd 

1.28 

0.86 

0.76 

1552 

2940 

11.99 

2.2 

Pt 

1.29 

0.80 

— 

1769 

4170 

21.41 

2.2 


h = high spin value. I = low spin radius. 


coating. However, Ni does tarnish when heated in air. Raney Ni is a very 
finely divided form of Ni used as a catalyst. It is readily oxidized by air 
and is pyrophoric. Red hot Ni reacts with steam. 

Ni dissolves readily in dilute acids, giving hydrated [Ni(H 2 0) 6 ) 2+ ions 
and H 2 Like Fe and Co it is rendered passive by concentrated HNO 3 
and aqua regia. Pd and Pt are more noble (less reactive) than Ni, but are 
more reactive than the other elements in the .platinum group. Pd dissolves 
slowly in concentrated HCI in the presence of 0 2 or Cl 2 , and fairly readily 
in concentrated HNO.,, giving [Pd ,v (N0 3 ) 2 (0H) 2 ]. Pt is the most re¬ 
sistant to acids, but dissolves in aqua regia giving chloroplatinic acid 
H 2 [PtCl 6 ) (see Table 26.5). 

Ni is unaffected by aqueous alkalis and is therefore used to make tl* c 

1 

I 

A 
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LOW VELENCY STATES (-1), (0). (+1) 


T«bk 26.5 Some reactions of Ni, Pd and Pt 


Reagent_ 

Ni 

Pd 

Pt 

0: 

NiO 

PdO at red heat 

PtO at high temp, 
and pressure 

?2 

NiF 2 

Pd u [Pd lv F h ] 
at 500 °C 

PtF 4 at red heat 

Ch 

NiCl 2 

PdCl 2 

PtCI 2 

h 2 o 

No action 

No action 

No action 

Dilute HC1 or 
dilute HNO^ 

Ni J * + H, 

Dissolves very 
slowly 

No action 

Concentrated HNO, 

Passive 

Dissolves 

No action 

Aqua regia 

Passive 

Dissolves 

H 2 |PtCI 6 | 


apparatus for manufacturing NaOH. Pd and Pt are both rapidly attacked 
by fused alkali metal oxides and peroxides, e g Na 2 0 and Na 2 0 2 . 

Ni reacts with the halogens on heating. It reacts only slowly with 
fluorine, so Ni and alloys such as Monel are often used to handle F 2 and 
corrosive fluorides. Ni also reacts with S, P, Si and B on heating. Red hot 
Pd reacts with F 2 , Cl 2 and 0 2 . Pt is less reactive but at red heat it reacts 
with F 2 , and at a high temperature and pressure it reacts with 0 2 . 

All three metals absorb gaseous H 2 . The,amount absorbed depends on 
the physical state of the metal. However, Pd absorbs very large volumes 
of H 2 , more than any other metal. If red hot Pd is cooled in H 2 it can 
absorb 935 times its own volume of H 2 . The hydrogen is mobile and 
diffuses through the metal lattice. The conductivity of the metal falh; as H 2 
is absorbed. The H 2 is evolved on heating. Other gases, including He, are 

not absorbed, so this process is used to purify H 2 . , 

Pt( + II) and Pt( + IV) form an extremely large number of complexes. 

(The two most prolific complex forming elements are Co an .) 

LOW VALENCY STATES (-1), (0). < + l) 

Ni(-|) is found in the carbonyl amonjNi^COUl (Ni u (CO ) 4 ] is 

The zero-valent state is form d and subsequen t pyrolysis 

formed by warming Ni and C °^ f the purification of the metal, 
was important in the Mond pro , jn about 1970 , a modified 

Though the original process ,: Derh aps the best known carbonyl, 

process is used in Canada. r car bonyls in earlier transition 

but its stability is much lower than a tetrabe dral, volatile, very 

tnetal groups. The [Ni(CO) 4 | ab | e a phosphine derivative 

Poisonous, easily oxidized and as [Ni(CO) 2 (PF 3 ) 2 |, are also 

|Ni ll (PF,) 4 ), and mixed compound ssium in liquid ammonia 

known. Reduction of (Ni (CN)4| ' g su | phate , n aqueous 

gives K 4 |Ni°(CN) 4 |. whilst reductio 
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GROUP 10 - THE NICKEL GROUP 


media gives K 4 |Ni 2 (CN) h ). Pd and Pt do not form simple carbonyls 1 1 
|Ni(CO) 4 ), but they do form phosphine complexes such as [Pt u fPpu \ C 
and [Pt°(PPh,),J: j) <l 

2K 2 |Pt"CI 4 | + N 2 H 4 + 8PPh,i^ 2[Pt°(PPh,) 4 ) + 4KCI + 4HCI + N 

Pd"(CO)(PPh 1 ) 1 | and [Pt , ’(CO) 2 (PPh 3 ) 2 | are also known. The ligand CO 
is a weak a donor and a strong it acceptor, whilst PPh 3 is a stronger a dono 
but a weaker it acceptor. The absence of simple carbonyls for Pd and Pi ' 
probably because they form it bonds less readily than Ni. Introducing * 
bonded ligand such as a halogen reverses the position, and [Pt"(COl CM 
is stable, [Pd"(CO) 2 CI 2 ] is not very stable, and Ni does not form 2 an 
carbonyl halides. [Ni(CO) 4 ] is reduced by sodium in liquid ammonia tn 
give a carbonyl hydride [{Ni(CO),H} 2 )-(NH,) 4 . This is red coloured 
and is dimeric. Reduction may also yield cluster compounds such 
(Nis(CO), 2 P~ and |Ni h (CO), 2 ) : ‘. A series of cluster compounds such as 
[Pt,(CO)„|, 1 are formed by reducing [PtCl„| 2 - in alkaline solution under 
an atmosphere of CO. No similar Pd compounds have so far been observed 


( + 11) STATE 

The ( + 11) state is very important for all three elements. A wide variety of 
simple Nr* compounds exist. These include all the halides the oxide sul 
phidc. selcnide and telluride. salts of all the common acids and also some 
less stable ones such as NiCO, and salts of oxidizing ions like Ni(CI0 4 ) 2 . 
rhe hydrated ion [Ni(H 2 0)„|-’ gives rise to the green colour character¬ 
istic of many hydrated Ni salts. Many anhydrous Ni salts are yellow. 

“ r « formed with alkali metals and NH 4 , for example 

4 (NH 4 ) 2 s0 4 -6H 2 0. These are isomorphous with the correspond¬ 
ing double salts of Fc 2 *, Co 2 * and Mg 2 * 

I hough the chemistry of Ni is simplified by the dominance of the (+11) 
stale, t e i( + II) complexes are quite complicated. Octahedral and 
square panar complexes are commonly formed, and a few tetrahedral, 
rigona ipyramidal and square-based pyramidal structures are also 
formed. Pd( + ll) and Pt( + II) complexes are all square planar. 




weak .and (b) strong octahedral Helds. 







The complexes formed with ammonia [Ni(NHi)J 2+ fNim m 

Xr p, !V? , ! e “ di "“"' 

are all octahedral. These octahedral complexes are usually blue in colour 
and they are paramagnetic as the rf" ion has two unpaired electrons (Figure 
26.1a). In complexes with strong field ligands such as CN" the electrons 
ar e forced to pair up and diamagnetic square planar complexes such as 
[Ni(CN) 4 ] fc are formed (Figure 26.1b). 

The red coloured complex precipitated by Ni 2 ^ and dimethylglyoxime 
from slightly ammoniacal solution is also square planar. However in the 
solid the square planar molecules are stacked on top of each other and a 
Ni-Ni interaction occurs. The Ni-Ni distance is 3.25 A. This was one of 
the earliest examples of metal to metal bonding, and in the solid Ni should 
be regarded as octahedrally coordinated rather than square planar. The 
formation of this complex is used both for the detection and quantitative 
estimation of Ni. The dimethylglyoxime loses a proton, and forms a stable 
complex molecule. The complex is stabilized because two five-membered 
chelate rings are formed, and also by internal hydrogen bonding, shown by 
dotted lines in Figure 26.2. 


CH a —C=N 


/ 


OH 


CHj—C=N 


0-—HO 

/ \ 


N=C—CH* 




\ / 

2 

+ Ni a * — 

Ni 

/ \ 

/ \ 


+ 2H 


\ 


CH 3 —C=N 


N=C—CH» 


\ 


OH 


OH O 


Figure 26.2 Nickel dimethylglyoxime complex. 

The square planar complexes are generally red, brown or yellow in 
colour. The reason for the formation of square planar complexes is dis¬ 
cussed further in Chapter 7. 

Several tetrahedral Ni( + II) complexes are known. These generally 
contain halide ligands, and often phosphine, phosphine oxide or 
arsine ligands as well, as in [Ph 4 As ]2 [NiCl 4 ] , [(Ph^P^ NiC^] and 
lPh*AsO) 2 NiBr 2 ). These complexes are typically intensely blue coloured, 
and can be easily distinguished from square planar complexes both by 
the colour, and because they are paramagnetic (Figure 26.3). 

When nickel cyanide is crystallized from a mixture containing ammonia 
and benzene, benzene ammino nickel cyanide is formed^ The benzene 
molecules are not bonded, but are trapped in the cagework of the crystal. 
s “eh compounds are called clathrates and other molecules of a similar size 

ma V he trapped in a similar way. rii , , c jl 

Pd( + H) and Pt( + ll) exist as oxides, halides, nitrates and sulphates. The 

MX „ I y Kno t P,p . Inlike the other halides, PdF, is ionic. 
^*2 are known except for PtF 2 - uniiKe me 
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Figure 26.3 d* arrangement in tetrahedral field. 


The Pd 2+ ion has a d H configuration and is paramagnetic. The [Pd(H 2 0) 4 ] 2+ 
ion exists in water, and is diamagnetic. Because this complex is spin 
paired it is presumed to have a square planar structure. All Pd( + II) and 
Pt(+ 11) complexes are diamagnetic. In hydrochloric acid the diamagnetic 
[PdCl 4 ]~ ion is formed. All the other dihalides are molecular or poly¬ 
meric, and are diamagnetic. PdCI 2 and PtCI 2 are made from the elements 
and both exist in a and (3 forms. Which is formed depends on the exact 
conditions used. The a forms are the more common. 



<5sn°c 


NPdCI,) 


a-PdCI, is a dark red solid, whilst u-PtCI, is olive green. a-PdCI. has a flat 
chain polymeric structure (Figure 26.4a). in which the Pd atoms are in a 

ructure ofu-pJcMs no,"k " “ h ^ rOSCO P ic and » soluble in water. The 
in HCI, giving |PtCl il |-- ionT™’ U ' " * mS ° luble in wa,er - and dissolves 

This is baseTon'i Pd^CI "^r p^pi haVC an unusual molecular structure. 

as the me,a. surround by fLr O Atoms'i S ' rUC,Ure * btSt <“ d 

ms in a square planar environment. 




(b) /KPdCI,), 






_ (+H) STATE 

*jth six such units linked by halogen bridges (Figure 26.4b). This is 
remarkably similar in shape to the [Nb ft Cl l2 ] 2 + cluster compound shown 
in Fig ure 21.3d. In this the six Nb atoms were linked in an octahedral 
cluster with halogen atoms bridging all 12 edges. p-PdCI 2 is soluble in 
benzene and retains its structure. Despite the similarity in shape, the 
B-PdCfe structure appears to be covalent and stabilized largely by halogen 
bridges rather than by metal-metal bonding as in [Nb„Cl, 2 | J+ 

An important reaction occurs between PdCI 2 and alkenes. With ethene. 
complexes such as (Pd(C 2 H 4 )CI,|‘. |Pd(C 2 H 4 )CI 2 | 2 and |Pd(C 2 H 4 ) 2 CI 2 | 
are formed. 


.... J @ 


* « 


Figure 26.5 Zeise’s salt 

[pt(n J c 2 H 4 )(ci),r 


Cl ci 

\ / 

Pd 

/ \ 

Cl c 2 h 4 


c 2 h 4 Cl Cl ] [C 2 H 4 Cl 

\ / \ / \ / 

Pd Pd Pd 

/ \ / \ / \ 

Cl Cl C 2 H 4 Cl c 2 h 4 


Similar compounds are known for Pi: for example, Zeise’s salt 
K|Pt(C 2 H 4 )(CI) 4 ) • H.O forms yellow crystals and has been known 
since 1825. The structure of these alkene complexes is unusual. In 
Zeises salt the IPt(C.H 4 )(CI),r ,on is essentially square planar with 
Q at three corners and H 2 C=CH 2 at the other corner. However, the 
H 2 C=CH 2 molecule is perpendicular to the PtCl.i plane, and the two 
C atoms are almost equidistant from the Pt. (The Pt-C distances are 
2.128A and 2.135A.) The C=C distance in the complex is 1.375A 
compared with 1.337 A in ethene and a C—C distance of 1.54 A in ethane. 
Thus the double bond is only lengthened slightly in forming the complex. 
The double bond occupies the coordination position rather than ® ® 

C atom, and C 2 H 4 acts as a dihap.o ligand. Thus the complex should be 

written K[Pt(q 2 -C 2 H 4 )(CI),) H z°. understood until 1951 

bonding is in two parts: 

•rh#» filled orbital on ethene 

1. A dative bond in which the elect ~ n P J' Qn , he meta |, giving a o bond, 

overlaps with an empty hybrid u , d orbital and an empty 

2 . Ji overlap also occurs belween ^. •' back donation or back bonding, 

antibonding orbital on ethene. complexes with alkenes. The 

Most of the transition elements th - c d or bitals on the metal 

exceptions are the first few elevens bonding. The extent of back 
are not sufficiently populated to a (ber an d is related to the C=C 
bonding varies from one complex to 

bond length. 
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This reaction forms the basis of the Wacker process for the production of 
acetaldehyde. The Pd is converted back into PdCl 2 in situ by CuCI 2 : 

Pd 4 - 2CuC1 2 — PdCl 2 4- 2CuCl 

The solution contains HC1 and the CuCl 2 is regenerated by passing in 0 2 . 

2CuCI 4- 2HC1 4- 7 O 2 2CuCI 2 4- H 2 0 

Thus the overall reaction is: 

H 2 C=CH 2 4- $0 2 — CH 3 CHO 

This process is practicable because the reaction between Pd and CuCl 2 is 
quantitative, so the catalyst is recycled and only small amounts of Pd are 
required for replenishment. 

With propene CH 3 -CH=CH 2 , the product is acetone. This reaction 
is also of commercial importance. If the reaction is carried out in acetic 
acid, ethene is converted to vinyl acetate. Though this is not a commercial 
process because of corrosion pioblems and difficulty in catalyst recovery, 
it has led to a study of palladium(II) acetate [Pd(CH 3 COO) 2 ] 3 . This has 
an unusual structure, comprising three metal atoms in a triangle, held 
together by six bridging acetate groups. 

PdCl 2 catalyses the reaction between ethene, CO and H 2 0: 

CH 2 =CH 2 4- CO 4- H 2 — CH 3 CH 2 COOH 

Magnus’ green salt has the formula [Pt(NH 3 ) 4 ] 2+ [PtCU] 2 *, and 
the square planar anions and cations are stacked on top of each other. 
This structure also occurs in other complexes such as [Pd(NH 3 ) 4 l 2 * 
[Pd(SCN) 4 | and [Cu(NH 3 ) 4 ] 2v [PtCI 4 ] 2 . The metal atoms in adjacent 
units may interact with each other, giving weak metal-metal bonds. 
Evidence for this is that if the anion and cation contain Pt( 4 -ll) they are 
colourless, pale yellow or pale red individually, but when stacked together 
they show an unusual iridescent green colour. They also show increased 
electrical conductivity. [Pt(ethylenediamine)CI 2 ] is stacked in a similar 
way (Figure 26.6). 

K 2 [Pt(CN) 4 ) • 3H 2 0 is a well known complex and is colourless and 
stable. In the crystal structure the square planar [Pt(CN) 4 ] 2 ~ units are 
stacked on top of each other, but the solid does not conduct electricity. 
However, several complexes can be derived from it which show electrical 
conduction in one dimension, and they are also dichroic. (Dichroic mate¬ 
rials have a different refractive index in different directions, so when they 
are viewed from different directions they appear differently coloured.) If 
this compound is oxidized it is possible to obtain bronze coloured com¬ 
pounds which are cation deficient such as K 2 [Pt(CN) 4 |Br 0 3 • 3H 2 0 and 
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(+111) STATE 



Figure 26.6 Stacks of square planar |Pt(ethyleneaiamine)CI 2 ] molecules. 


K 2 [Pt(CN) 4 ]Clo 3 * 3H 2 0. The filled d\ orbitals on the Pt atorr.s overlap, 
giving a delocalized band along the Pt chain. In K 2 [Pt(CN) 4 ] • 3H 2 0 this 
band is full: hence it cannot conduct. In K 2 [Pt(CN) 4 )Br 0 3 • 3H 2 0 the Br 
act as electron acceptors, removing on average 0.3 electrons from each 
[Pt(CN) 4 ] 2_ unit. Thus the d\ band is only five sixths filled, and hence 
the solid conducts electricity bv a metallic mechanism in one dimension 
(Figure 26.7). In K 2 [Pt(CN) 4 ] • 3H 2 0 the Pt—Pt distance is 3.48 A, but 
the strong overlap of the d\ orbitals in K 2 [Pt(CN) 4 ]Br 03 • 3H 2 0 reduces, 
the Pt—Pt distance to 2.8-3.0 A. 

A very important medical use of Pt(-t-II) compounds is the use of the as 
isomer of [Pt(NH 3 ) 2 (ClH as an anti-cancer drug for treating several types 
of malignant tumours. The trans isomer is ineffective. The as isomer is 
called cisplatin, and is highly toxic. It is injected into the bloodstream, and 
the more reactive Cl groups are lost so the Pt atom bonds to a N atom in 
guanosine (part of the DNA molecule). The cisplatin molecule can bond to 

two different guanosine units, and by bridging between them it upsets the 
i a .• nN a Those cells which are undergoing cell divi- 

normal reproduction of DN A. I nose ccu» Wl11 ® ... . llt e _ 

also are the bone marrow cells Cproducm^red tm ^ 

cells in the testes (pro ucingp num ’ ber of pa ,i en ts are completely cured, 
results are possible a . en ough cisplatin w m the tumour 

There is a critical balance bet ween gs° ^ ^ body from attack by 

and leaving sufficient white blood 
bacteria and viruses. 


(fill) STATE , r .... .... 

. fr»r anv of the three metals. Few Ni( + lll) 
This state in not important I 1 Ni(OH ) 2 in alkaline solution with 
compounds are known. Oxidation decomposes to NiO on de- 

Br 2 gives NhO, • 2H 3 0 as a b ac dioxygen bubbled through; sodium 
hydration. If Ni is fused in NaOH and dioxyg 
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Figure 26.8 Structure of [Pt(NH 3 ) 2 Br 3 ] 
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pickelate(lll) Na[Ni ^ 2 lj s ^ orme ^' The ( + 111) state can be stabilized in 
complexes. K 3 [Nib 6 | can be prepared by fluorinating NiCl 2 and KC1 at a 
high temperature and pressure. It is a violet solid but is strongly oxidizing 
and reacts with H 2 0, evolving 0 2 . The structure is octahedral, but is 
slightly elongated as expected from Jahn-Teller distortion due to its 
asymmetrically filled (r 2p ) (e g )* electronic arrangement. [Ni m (ethylene- 
diamine) 2 Cl 2 ]Cl is also octahedral. The structure of [Ni m (PEt 3 ) 2 Br 3 ] is a 
trigonal bipyramid. 

Pd( + lH) compounds are very rare and it is doubtful if Pt( + III) exists. 
Hydrated oxides may be known. The complexes Na + [PdF 4 ) _ and 
NaK 2 [PdF6) have been reported. The [PdF 6 ] 3 ' ion has four short bonds 
and two long bonds as expected for a low-spin d 1 octahedral complex. 
Heating Pd and F 2 gives a stable solid which was once thought to be 
PdF 3 . This has since been shown to be a mixed valency compound 
Pd 2+ [Pd ,v F 6 ] 2 containing Pd( + II) and Pd( + IV). Complexes which 
are apparently in the ( + 111) state such as |Pt(ethylencdiamine)Br 3 | and 
fPt(NH 3 ) 2 Br 3 ] consist of chains of alternate square planar Pt( + II) units 
and octahedral Pt( + IV) units (Figure 26.8). 


(+IV) STATE 


Ni(+IV) is rare. The hydrated oxide is made by powerful oxidation of 
Ni 2+ in fused alkali, and the product oxidizes Mn 2+ to Mn0 4 and de¬ 
composes water. Fluorination of NiCI 2 and KCI gives the red complex 
K 2 [Ni ,v F 6 ] which is strongly oxidizing and liberates 0 2 with water. 

Pd0 2 is only known in the hydrated form. In contrast Pt0 2 is the most 
stable oxide of Pt and exists in both anhydrous and hydrated forms. The 
anhydrous oxide is insoluble, but the hydrated form dissolves in acids and 
alkalis. 

PdF 4 is the only known halide of Pd, but all four Pt halides PtX 4 are 
known. Direct reaction of Pd and F 2 gives PdF 3 (really Pd [Pd F 6 J) and 
PdF 4 , whilst Pt gives PtF 4 , PtF 5 and PtF 6 . PtCl 4 is formed either by direct 
reaction, or by heating H 2 [PtCl 6 ]. 


Pt aqua ,cgl % H 2 (PtCU| ——» PtCI 4 + 2HCI 

d( + IV) forms a few octahedral complexes (PdX A j 2 where X = F. Cl 
Jr, and [PdX 4 (NH 3 ) 2 ]. These are generally reactive. [PdF ft ] hydro- 
s rapidly in water whilst the other halide complexes are decomposed 
tot water, giving [Pd“X 4 ) 2 an d halogen. 

. contras, P,( + IV) forms a very large> number of very tdab.e octahe- 

complexes. These range from [P,(NH,)„] . [Pt(NH,) 5 CI] 

NH 1 ri |2* m IPtCU 2 ’. Similar senes of complexes exist with 

S, Sog F-. a-. B,-.l-.OH-. 

F. SCN -. S.CN ^, .»d CN ^'. Some of imk -5™*^I*™" » 
early studies on coordination complexes (see Chapter 7). 
hloroplatinic acid is commercially the most common P, compound. It 
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, h „ n a p, meta r SD onee dissolves in aqua regia or concentrated 

o, potassium salts «... ™»'t " ” !"* 
other Pt( + IV) compounds. Platinized asbestos is used as ai cata yst. It is 

made Ty soak ng asbestos in a solution of chloroplat.n.cacd followed by 

strong heating to decompose the complex to Pt metal. This leaves a small 

amount of Pt spread over a very large surface. 

Platinized platinum, or platinum black, electrodes are often used for 
conductivity measurements, and these are made by electrolysing hexa- 

Chl p 0 | r aTnum n i! eS uluS| l in that it forms alkyl derivatives by a Grignard 

arm# l/\r% 


4 PtCI 4 + 12CH,Mgl - |(CH,),Ptl | 4 + «MgCI 2 + 4Mgl, 

There were reports of [(CH-^PfU. but these were incorrect, and the 
compound formed is actually |(CH,),Pt • OH] 4 . These complexes exist 
as tetrameric solids in which Pt is six-coordinate. The Pt—C bond is very 
stable. These organo derivatives are soluble in organic solvents. 


( + V) AND ( + V1) STATES 

These are only found for Pt. and are rare. The (+ V) state is represented 
by PtFs, which is tetrameric and has the same structure as many transi¬ 
tion metal pentafluorides (Figure 21.1). The [PtF*] ion also contains 
Pt( + V) and was first formed by reacting PtF 6 and 0 : to give the com¬ 
pound [PtF^] - . A similar reaction between Xe and PtF* led to reports 
by Bartlett in 1962 of the formation of Xe^[PtF^|", the first reported 
compound of the noble gases. (This compound was subsequently shown 
to be [XcF] + [Pt 2 F| 1 |~.) The only examples of the ( + VI) state which are 
known for certain are PtO^ and PtF 6 . 


HORIZONTAL COMPARISONS IN THE IRON, COBALT AND 
NICKEL GROUPS 

The ferrous metals Fe, Co and Ni show horizontal similarities and differ 
from the platinum metals in that the ferrous metals are much more reac¬ 
tive. Within the ferrous metals the reactivity decreases from Fe to Co to 
Ni. Although the maximum oxidation states are Fe(+VI), Co( + IV) and 
Ni( + IV), these elements rarely exceed an oxidation state of ( + M) Tte 
tendency to trivalency decreases across the period. Fe'" is the usual state 
but Co'* is a strong oxidizing agent unless complexed, and nickel ,s 
divalent in all its simple compounds. The lower valency stales exist as 
simple ions. The elements are relatively abundant. . 

The platinum metals Ru, Rh. Pd. Os, lr and Pt are much more no 
than the ferrous metals, and are little affected by acids. The reactivi y 
the metals increases from Ru to Rh to Pd and from Os to Ir to Pt* w 
is the opposite of the trend in the ferrous metals. The halogens react 
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(he me ,als on, y aI hi 8 h temperatures, and brinp o„t ,h„ k u 
, . OsF h . IrF ft , PtF 6 . The lower valency stTL ^ gh " Valenc,CS - 

complies. Few simple ions exist. Because of the i,„,h,!T , T 

the radii of the second and third rows of transition elements are very 
similar Thus their^atomic volumes are almost the same, so the densities 

of Os. and Pt are almost double those of R u , Rh and Pd. All six ele- 
ments are rare. 

Both the ferrous metals and the platinum , 

# A 0 a . . ' , P ldl,n um metals are typical transition 

dements, and are characterized by* 


1. coloured compounds 

2. variable valency 

3. catalytic properties 

4. an ability to form coordination compounds 
The differences between the two groups are: 


1. increased stability of higher oxidation states 

2. disappearance of simple ionic forms 

3. increased nobility 


These are the normal changes expected in a vertical group. 
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Group 11 - the copper group: 

coinage metals 


Table 27.1 Electronic structures and oxidation states 


Element 


Electronic structure 

Oxidation states' 

Copper 

Cu 

| Ar| 3d"'4s' 

I II (III) 

Silver 

Ag 

[Kr] 

I 11 (III) 

Gold 

Au 

(Xe] 4/ 14 5d 10 fir 1 

1 III V 


* The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 
in normal type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 


INTRODUCTION 

The elements all have one s electron outside a completed d shell. They 
show only slight similarities in properties and considerable differences. 
All three metals have the same crystal structure (cubic close-packed). 
They conduct electricity and heat particularly well, and they tend to be 
noble (unreactive). The only ions which exist in solution (apart from 
complexes) are Cu 2 and Ag + . The most stable oxidation state varies; 
Cu( + ll), Ag( + I) and Au( + III). Copper is produced on a large scale and 
11 million tonnes were used in 1992, mostly as the metal and in alloys. 
Copper is biologically important in various oxidase enzymes, as an oxygen 
carrier in invertebrates and in photosynthesis. There is great interest in 
various mixed oxides of copper which act as superconductors. 


ABUNDANCE, EXTRACTION AND USES OF THE ELEMENTS 

Copper is moderately abundant and is the twenty-fifth most abundant 
element in the earth s crust. It occurs to the extent of 68 ppm by weight- 
Silver and gold are quite rare (Table 27.2). 



ABUNDANCE. EXTRACTION AND USES OF THE ELEMENTS 


Table 27.2 Abundance of the elements in the 
earth's crust, by weight 



ppm 

Relative abundance 

Cu 

68 

25 

Ag 

0.08 

66 = 

Au 

0.004 

73 


Copper 

Copper nuggets (i.e. pieces of metal) have been found in the earth, but 
this source is largely exhausted. The most common ore is chalcopyrites 
CuFeS 2 . This has a metallic lustre and is similar in appearance to pyrites 
FeS 2 (fool s gold) but is more copper coloured. Other ores include Cu 2 S 
(called copper glance or chalcocite; dark grey coloured), basic copper 
carbonate CUCO 3 • Cu(OH ) 2 (which is called malachite and is green), 
copper(I) oxide Cu 2 0 (which is called cuprite and is ruby red coloured) 
and CusFeS 4 (called bornite or ‘peacock ore’ because it has a mixture of 
iridescent colours like a peacock’s feathers (blue, red, brown and purple)). 
Turquoise CuA1 6 (P0 4 ) 4 (0H) k • 4H 2 0 is a popular gemstone because of 
its blue colour and delicate veining. 

The sulphide ores are often lean and may contain only 0.4-1% Cu. 
These are crushed and concentrated by froth-flotation, giving a concen¬ 
trate with 15% Cu. This is then roasted with air. 


2CuFeS; 


o. 


1400- 1450°C 


-> Cu 2 S + Fe 2 0 3 + 3S0 2 


Sand is added to remove the iron as iron silicate slag Fe 2 (Si0 3 ) 3 which 
floats on the surface. Air is blown through the liquid matte of Cu 2 S with 
some FeS and silica, causing partial oxidation: 

2FeS + 30 2 — 2 FeO + 2S0 2 
FeO + Si0 2 -> Fe 2 (Si0 3 ) 3 
Cu 2 S + 0 2 -> Cu 2 0 + S0 2 

After some time the air is turned off and self-reduction of the oxide and 
sulphide occurs, giving impure ‘blister copper which is 98-99/o pure. 

Cu 2 S + 2Cu 2 0 -* 6 Cu + S0 2 

The ‘blister copper 1 is cast into blocks and refined by electrolysis using Cu 
electrodes with an electrolyte of dilute H 2 S0 4 and CuSO„. 

It is no. economic to treat very lean ores in this way, so these are dug up 
and left exposed to the air to weather. The CuS oxidizes slowly to CuSO„ 
which is leached (dissolved out) with water or dilute H 2 S0 4 . Copper is 
displaced from the resulting copper sulphate solution by adding scrap iron 

which is sacrificed. 

Fc + Cu 2 * - Fe 2 * + Cu 

continued overleaf 


amouciiirier 




GROUP 11 ■ THE COPPER GROUP: COINAGE METALS ^ 

World production of mined Cu was 9.3 million tonnes in 1992. The 
largest sources of copper ores are in Chile 21% the USA 19%, the 
Soviet Union 9%, Canada 8 % and Zambia 5%. In addition, about 1.7 
million tonnes of scrap metal were recycled, giving a total of 11 million 

tonnes. 

The metal is used in the electrical industry because of its high conduc¬ 
tivity. It is also used for water pipes because of its inertness. Over HXK) 
different alloys of copper exist. These include brass (Cu/Zn with 20-50% 
Zn), so-called ‘nickel silver' (55-65% Cu, 10-18% Ni, 17-277o Zn). 
phosphor bronze (Cu with 1.25-10% Sn and 0.35% P) and various alloys 
for making coins. Copper sulphate is produced in moderately large amounts 
123956 tonnes in 1991. Several copper compounds are used in agricul¬ 
ture. For example, Bordeaux mixture is basic copper hydroxide, and is 
made from CuS 0 4 and Ca(OH) 2 . It is an important spray for preventing 
fungus attack on the leaves of potatoes (potato blight) which caused the 
potato famine in Ireland in 1845-1846. It is also used to spray vines to 
prevent fungal attack. Basic copper carbonate, copper acetate and copper 
oxochloride have also been used. Paris Green is an insecticide made from 
basic copper acetate, arsenious oxide and acetic acid. 

There has been enormous interest in a variety of mixed oxides of coo¬ 
per such as La,. ..Ba.CuO,,.,, since these behave as superconductors 

a * t ' m ^ CratUreS below 50 K. G. Bednorz and A. Muller were awarded 
the Nobel Prize for Physics in .987 for work on these compounder 

baseTon YBaCu W 0 Ch T* “ ^ ,e K m P cr »“*'« < up >25K) are 
conducwuy ' 7 '" ^ deSCr,hcd in Cha P^ 5 under Super- 

Silver 

Silver is found as sulphide ore* a„ c , 

(horn silver) and as the native metal Thlre^re'.hrer^ Ch '° ridC AgC ' 

three extraction processes: 

1 • Most is now obtained as a bv-product from 

Zn. It can be obtained from the i i ^ exlracl,on of Cu. Pb or 
refining of Cu or Zn. ° e s ,me form *d in the electrolytic 

2. Zinc is used to extract silver hv 

Parke's process. b> ,Vent exlracli »n from molten lead in 

3. Silver and gold are extnrteH k, , • 

World „md , T y mak ’ np S ° lub,e V”** complexes 

World production of silver was HRiR * 

ducers were Mexico 17%, the USA no, D ° nnes ,n The main pro- 
9’/o each, and the Soviet Union and rV ? TU -, ^ an ada and Australia 
silver are as AgCI and AgBr in photon • it ° eac ^ The ma tn uses of 
silver ornaments, for batteries and f t * C emu * s * ons « for jewellery and 

r Sllve ring mirrors. 

Gold 

i 

Historically gold has been found a I 

nuggets Finds of this kind have of m ctal m the ground called 

ed P old rushes' in the USA How- 


if 

“V 


ever, gold occurs ^m\y as grains of metal disseminated in quartz veins. 
Many of these rocks have weathered with time. The gold and powdered 
rock are was e away in streams and accumulate as sediments in river 
beds. The grams of gold can he separated from silica by ‘panning, i.e. 
swirling them both with water. Gold is very dense (19 3gcm' x ) and 
rapidly settles to the bottom, but the Si0 2 , with a density of 2.5gcm'\ 
settles more slowly and is thrown away with the water. This method is little 
used nowadays since the sources are largely exhausted. 

Nowadays rocks containing traces of gold are crushed and extracted 
either with mercury or with sodium cyanide. Water and powdered rock 
are passed over mercury, in which the gold dissolves, forming an amalgam. 
The gold is recovered by distilling the amalgam, when the mercury distils 
off and is reused. This process is also used with river water and silt in 
Brazil. Losses of mercury have poisoned considerable stretches of the 
River Amazon, giving environmental problems. In the cyanide process 
the crushed rock is treated with a 0.1 -0.2% solution of NaCN and aerated. 

4Au + SNaCN + 2H : 0 + 0 : — 4Na[Au(CN) : | + 4NaOH 

The sodium argentoevanide complex is soluble, thus separating gold from 
the rest of the rock. The gold is precipitated from this solution by adding 
Zn powder. World production of gold was 2134 tonnes in 1992, and the 
main producers were South Africa 29%, the USA 14%, Australia 11%, 
the Soviet Union 10%, Canada 7% and China 6%. The major uses are as 
gold bullion (which in used as international currency) and for jewellery. 
Gold used in jewellery gold is usually alloyed with a mixture of Cu and 
Ag. These alloys retain the golden colour, but are harder. The proportion 
of gold in the alloy is expressed in carats. Pure gold is 24 carats. The 
alloys commonly used are 9 carat, 18 carat and 22 carat, and these contain 
9/24, 18/24 and 22/24 pure gold respectively. Small amounts of gold are 
used to make corrosion-free electrical contacts, for example on computer 
boards. A thin film 10" 11 m thick is sometimes deposited on glass windows 
in .prestigious skyscraper buildings (e.g. a bank in Toronto). This thin 
metal film reflects unwanted heat from the sun in the summer, us 
keeping the building cool. The film keeps heat in during the winter 


OXIDATION STATES 

The elements Cu. Ag and Au jons foun(J in solution are Cu* 

( + 111). However, the only sinip disproportionate in water, and 

and Ag*. The univalent ions Cu an unds or comp , ex es. Cu(+lll). 

as a result they only exist as in oxidizing that they reduce water. 

Aglflll) „»d A*.Ill » “SXZSSm. or - io»hN. com- 
Th„. n*, occo, .ten i( Table 27.3 

pounds. The oxides and halidt 
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GROUP 11 - THE COPPER GROUP: COINAGE METALS 


Table 27.3 Oxides and halides 


( + 0 

Cu 2 0 

Ag 2 0 

Au+O 

CuCI 

CuBr 

Cul 

AgF 

AgCI 

AgBr 

Agl 

AuCI 


( + H) 

CuO 

AgO 

CuF 2 

CuCl 2 

CuBr 2 

AgF : 


Oxidation states 


( + 111 ) 


(Ag 2 OV.') 

Au 2 Ot 


AuF 3 

AuCI, 

AuBr 3 


( + IV) 


( +V) Others 


Ag 2 F 


(AuF 5 ) 


The most stable oxidation states are shown in bold, unstable ones in brackets 
STANDARD REDUCTION POTENTIALS (VOLTS) 


Acid solution 


Oxidation state 

-Fill 


CuO 


- ——rv —t 015 A... +0-52 


AgO 


1 -+0.34- 

+ ——a» 2 * - + I<JK +0.80 


t 3+ .+1.68 


-+ 1.50- | 

* Disproportionates 

GENERAL PROPERTIES 

Group 11 metals (Cu, Ac and Ai.\ k. • 

conductivities known. Thev are . 1 ! dVe ' hC hlghest e| ectrical and thermal 
metals. This is associated with thei malleable and ductile structural 
sufficient force is applied one S " CUb ' C Close -P acked structure. When 
plane. The structured verv simn| C may be f ° rCed 10 slip over an0,her 
regular cubic close-packed structure 6 ’ ^ ,ha ' WhCn U SMpS “ remains a 
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gener al properties 


Atoms Of Co- Ag and Au (Table 27.1) have one , electron in their 
guter orbital- This » the same outer electronic arrangement as for the 
Group I metals. In spite of this, there are lew similarities apart from the 
formal stoichiometry of compounds in the ( + 1) state and the high elec- 
trical conductivity of both groups of metals. 

Group 11 elements differ from Group I elements in that the penultimate 
shell contains ten d electrons. The poor screening by the d electrons 
makes the atoms of the copper group much smaller in size. As a result the 
Cu group have higher densities and are harder. Their ionization energies 
are higher (Table 27.4), and their compounds are more covalent. 

In the Cu group the d electrons are involved in metallic - bonding. Thus 
the melting points and enthalpies of sublimation arc much higher than for 
Group I metals. 

The higher enthalpy of sublimation and higher ionization energy are the 
reasons why Cu, Ag and Au tend to be unreactive, i.e. show noble 
character. Group 1 metals have large negative standard reduction poten¬ 
tials (E° values) and are at the top of the electrochemical series. They are 
the most reactive metals in the periodic table. In contrast the coinage 
metals have positive E° values and are thus below hydrogen in the elec¬ 
trochemical series. Thus they do not react with water or liberate PL with 
acids. The nobility increases from Cu to Ag to Au, whereas on descending 
Group 1 the reactivity increases. The inertness of Au resembles that of the 
platinum metals. Cu is inert towards non-oxidizing acids, but reacts with 
concentrated HNO, and H 2 S0 4 . 

3Cu + 8HNO, — 2NO + 3Cu(NO0: + 4H : 0 

dilute 

Cu + 4HNO, 2NO : + Cu(NO,) 2 + 2H.O 

concentrated 


821 


lable 27,4 Some physical properties 

Ionic radius (A) 



Melting Boiling Density 
point point 
CO 


Pauling’s 
elect ro- 
(gem ') negativity 


J! WCVCr ' ' s ver >' slowly oxidized on the surface in 

and ° C ° atin £ of verdigris. This is basic copper carbonate C uC O, Cu( ): 

al ,S flmiilia < on the roofs of buildings covered with copper s . 

popper statues such as the Statue of Liberty in New York. 

Au d ' sso * ve in concentrated HNOi and in hot concen ra' ‘ j 

IIC, 'T n ,l) al1 acids except aqua regia (a 3: I mixture o jd 

'o ' and HNO,,. The UNO, acts as an oxidizing agent and the chlondc 

u r„ a ._ COmpk ‘ xin »? a^nf . 


Cu 


r -xing agent. 

Cac,s w iih dioxygen, but Ag and Au are inert 
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GROUP 11 - THE COPPER GROUP: COINAGE METALS 


Cu + 


„ red heat 

o,-► 


_ blither temperature 

CuO —- 1 -* 


Cu.O + O, 


Cu and Ag metals react with H 2 S and S, hut Au does not. Silver objects 
tarnish slowly in air (i.e. polished silver articles gradually blacken). This 
is due to traces of H 2 S in the air which react with Ag, forming black AgiS. 


2Ag H 2 S — Ag 2 S + H 2 

black 


In a similar way passing H 2 S into solutions containing Cu 2 * or Ag' gives 
black precipitates of CuS and Ag 2 S. All three metals react with the halo¬ 
gens. Simple compounds of Au decompose to the metal quite readily, 
those of Ag can be reduced fairly easily, and those of Cu less readily. 

For metals to react, an atom must first be isolated from the crystal 
structure and then be ionized. A high enthalpy of sublimation and a high 
ionization energy will reduce reactivity, though this may be partly offset 
by the energy gained when the ion is hydrated. Comparing Cu and K. Cu 
has a much higher melting point (and hence a higher enthalpy of sub¬ 
limation). Because of the increased nuclear charge of copper, the orbital 
electrons are more tightly held (and hence the ionization energy is higher). 
The enthalpy of hydration is not large enough to offset these large amounts 
of energy, and so potassium is much more reactive than copper. 

The oxides and hydroxides of Group 1 are strongly basic, and are soluble 
in water. In contrast the oxides of copper are insoluble and weakly basic. 
Group 1 compounds all contain simple colourless univalent ions and only 
form complexes with very strong complexing agents. In contrast the 
copper group elements show variable valency. The most common oxida¬ 
tion states are ( u( + II), Ag( + I) and Au( + IIl), and the three elements 
differ widely in their chemistries. I heir compounds are mainly coloured 
and they show a strong tendency to form coordination complexes. 

C opper is important in several catalysts. C'u is used in the direct process 
for manufacture of alkylchlorosilanes $uch as (CHO:SiCI 2 . which is used 
to make silicones. ( u and V catalyse the oxidation of cyclohexanol/cyclo- 
hexanone mixtures to adipic acid which is used to make nylon-66. 

CuCI 2 was used as the catalyst in the Deacon process for making C'l 2 from 
HCI. 


( + 1) STATE 

In the ( + D state most of the simple compounds and complexes are dia¬ 
magnetic and colourless because the ions have a d w configuration. There 
l rC JL feW . coloured compounds. For example. Cu.O is yellow or red. 

u. , is ye ow and Cut is brown. In these cases the colour arises from 
charge transfer bands and not from d-d spectra. 

It might be expected (hat the (+1) state would be the most common and 
most sta e ccausc of the extra stability resulting from a full d shell. 
Surprisingly ibis is noi so. Although Ag* is stable in both the solid state 
and solution. Cu ’ and AiC disproportionate in water. 
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3AiT - Au'* + 2Au ^ - [Au u j 

[Au* p = 1 


x 10 


iu 


The equilibrium constant for th* h;c~ 

high, showing (hat the equilibrium £ la^ei'y^oTe rLh.^Vh iS 

cenlration of Cu* is verv low in 8 l 10 . r ght - Thus lhe con- 

aqueous solution for less than a ^ T?*" y a Cu^ ion exists in 

zszizz-jz asrc® »' : S) A ~tr K 

ihiocyanale CuSCN „ , 0 C!limlle copp) . r 8 „ >in , t „ icl||> "* <■> 

2Cu + SO, + 2SCN ~ + H 2 0 2Cu'SCN + H 2 S0 4 

Se basis e of U f^ d h| , ino° P | PCr( ^ ° X ' dC Cu2 ° by mild reducin 6 agents. This « 
li!r,,L J F blmgs ,cst for educing sugars (monosaccharides such as 

p hi • a qUJ qUanl " ,eS ° f ,wo different solutions. Fehling s A and 
Fettling s B. are mixed immediately before adding lhe sugar and warming. 

e so uiion is cep blue coloured and if a reducing agent is present a 
\e ow or red precipitate of Cu 2 0 is formed. (Fehling’s A solution is a 
solution of copper(II) tartrate, made from CuS0 4 and Rochelle salt 
(sodium potassium tartrate). Fehling’s B solution is NaOH.) 

Cu : 0 is a basic oxide and reacts with the halogen acids HCI, HBr and 
HI. giving insoluble CuCI. CuBr and Cul. CuF is unknown. CuCI and 
CuBr are usually made by boiling an acidic solution of CuCI 2 or CuBr 2 
with excess Cu. This gives a solution containing the complex ions [CuCI 2 ]~ 
and [C uBr>] which are linear in shape. Diluting these solutions gives 
white CuCI or yellow CuBr. 

Addition of Kl to a solution containing Cu : * results in the I" ions 
reducing Cu 2+ to copper(I) iodide Cul and at the same time I” is oxidized 
to l 2 . This reaction is used to estimate Cu : * in solution by volumetric 
analysis. Excess of KI is added to an acidified solution and the I 2 produced 
is estimated by titrating with sodium thiosulphate. 


2Cu 2 * + 41" — 2Cul + l 2 
2Na>S : 0, + I: — Na : S 4 0* + 2NaI 

The copper(I) halides are partly covalent and have zinc blende structures 
with tetrahedrally coordinated Cu* ions. In the vapour CuCI and CuBr 
are polymeric and the main species is a six-membered ring. 

The copper(I) halides are insoluble in water. However, they dissolve in 
solutions containing an excess of halide ions by forming soluble halide 
complexes such as |CuCI 2 |‘. |CuCI,| : ‘ and |CuCI 4 | . These and other 
Cu' complexes are tetrahedral in the solid. (In KCuCI : and K.CuC , there 
are chains in which Cu is tetrahedrally surrounded by Cl. with simple units 
loined into a chain bv shared halide ions.) 
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GROUP 11 - THE COPPER 


GROUP: COINAGE METALS 


J 


The copper(I) halides also dissolve in strong HCI, HNO^ and aqueous 
solutions of ammonia. Solutions of CuCl in concentrated HCI and CuCI in 
NH 4 OH are important because they absorb carbon monoxide. Three 
points arise from this: 

1. A solution of CuCI in NH 4 OH is often used to measure the amount of 
CO in gas samples, simply by measuring the change in volume of the 
gas. 

2. Though the metals of this group do not form neutral carbonyl com¬ 
pounds. an unstable carbonyl halide (Cu(CO)CI) is formed by bubbling 
CO through a solution of CuCI. Both Cu and Au form carbonyl halides 
[M(CO)CI) when CO is passed over the heated halide 

3. Several complexes with alkenes and alkynes can be made in a similar 
way by bubbling the hydrocarbon through a solution of Cu 1 or Ag‘. 
Alkene complexes can also be made by passing the hydrocarbon over 
the heated halide. These have the formula (MRX) where R is an 
unsaturated hydrocarbon and X a halogen. These complexes are very 
reactive, and are often polymeric. The M—C bonds are not sym¬ 
metrical, suggesting o rather than 7 : bonding. Au* forms complexes 
less readily and only with high molecular weight alkenes. 


Cyanide complexes are well known, and are used to extract Ag and Au 
as soluble complexes. The metals are recovered from the complex by 
reduction with zinc. 


4Au + 8CIST + 2H,0 + O, — 4[Au'(CN) : ]- + 40H" 

Two-coordinate complexes such as [Au(CN) : ] have a linear structure 
However, in solid K|Cu'(CN) : | the Cu is bonded to three CN“, giving a 
planar triangular arrangement. The CN are bonded in the usual way 
through C. but the third CN acts as a bridging group to another Cu atom 
Cyanide ions may react with metal ions in two ways: 

1. as a reducing agent 

2. as complexing agent 

Thus adding k(”N to a CuS0 4 solution first causes reduction and pre¬ 
cipitates copper( I) cyanide. This reacts with excess CN . forming a soluble 
four-coordinate complex |Cu(CN) 4 |'" which is tetrahedral in shape 

2Cu : * + 4CN~ - 20TCN' + (CN) : 

tvjnoftcn 

CuCN + 3CN’ - |Cu(CN) 4 |‘" 

C u( +1) forms several diltercnt polvmeric complexes which involve a 
cluster of four Cu atoms at the corners of tetrahedron, but which do not 
involve metal-metal bonding. The phosphine and arsine complexes 
Cu 4 I 4 (PR *)4 and t u 4 l 4 (AsR*) 4 are examples of such clusters. In *^ese 
the four Cu form a tetrahedron The four phosphine or arsine hg an s 
are attached to the four corners, and the I atoms are located above 1 c 
four faces of the tetrahedron, with each I triply bridged to three Cu atom' 
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In |Cu 4 (SPh) h ]* the Cu atoms form a in, k " 

bndge the six edges of the tetrahedron f ° n and 'he six S atoms 

Ag( + I) is the most important state fo 

compounds are known containing Ait’ p.*' .® nJ man y simple ionic 

soluble m water. Exceptions tnclude Ae No C ! y c a " A ^' salts arc i„- 

are soluble. The salts are typically anhydro.K 1’ Ag and A g CIO < which 

Ag* io« is hydrated in solution but ol a “ ,h !£‘ ° r AbF ' 4H 2 0. The 

Ag' commonly forms two-coordinate complexes |A ^ H -’ 0 ) 2 | + - 

nate complexes as in Cu'. P'exes rather than four-coordi- 

AgNO, is one of the most important salts a rs 
solving in acids. Moist Ag 2 0 absorbs carhn„ h- 2 ? ' S mainly basic - dis 
Ag;0 dissolves i„ NaOH ,, to, oS"' T ' 0 ™• AfcC0 > 
The silver halides are used in photoeranh , gh < I C,<J,C proper,les 
in water but the other silver halides are insolubte J® 0 ' | A8F “ S °‘ Uble 
solutions containing the halide ions CE Br' a „H i- qudllta " vc analysis 
AgNO, solution and dilute HNO,. A whSe ^ 

the presence of a chloride, a pale yellow precipitate of AgBM„d"cmeTa 
bromide and a yellow precipitate of Agl indicates an iodide 8 The p^ 
of these halide ions may be confirmed by testing the solubility of the silver 
hahde precipitates in ammonium hydroxide. AgCI is soluble in dilute 

• n of,?' S0 ' VeS m S,r0 " g " H8() amm °ma. and Agl is insoluble 
even in 0.880 ammonia. When AgCI and AgBr dissolve, they form the 

ammine complex [H,N-> Ag — NH,]\ which is linear. 

A few silver compounds with .colourless anions are coloured. For 
example, Agl, Ag 2 CO, and Ag,P0 4 are yellow and Ag 2 S is black. This 
is because the Ag + ion is small and highly polarizing and the anion, e.g. 

I ♦ is large and highly polarizable. This leads to some covalent character. 

Ag* forms a variety of complexes. Most simple ligands result in two- 
coordination and a linear structure, for example (Ag(NH 3 ) 2 ) *, [ Ag(CN) 2 |~ 
and |Ag(S 2 0^) 2 ) 3 '. Bidentate ligands form polynuclear complexes. The 
halide complexes of Cu* and Ag + are unusual because the stability 
sequence is I > Br > Cl > F, whilst for most metals the sequence is the 
reverse. Ligands capable of n bonding, such as phosphine derivatives, may 
form both two- and four-coordinate complexes. 

Au( + I) is less stable. It is known as the oxide Au 2 0. The halides AuCI 
and AuBr can be obtained by gently heating the corresponding AuX, 
halide. Aul is precipitated by adding I to AuL. These Au( + I) com 
pounds disproportionate in water to Au metal and Au( + III). 

Au( + I) also exists in linear complexes such as [ -+ u *“ J’ 

ICI-AuLcil- |R,P—»Au*—Cl| and |R,P-Au-CH,|. The cyan,d C 
complex is soluble in wa.er and is formed in .he cyn.de ex.ractionp^ 
ccsses b > dissolving Au in an aqueous solunon con.a^^ 

Presence of air or H*0*. Phosphine eomP'exc^^ ^ ^ be sub . 
Au ' CI <> with R,P in e.her solution 6'^J ' |f R(PAuC | is s.rongly 
st.iuicd by.other groups such as I. S n d Au M CI,(R,P )7 is 

reduced, e g. with NaBHj. then a c P incomplete icosahe- 

f °rmed. The cluster has a structure related to 
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dron. There is an Au at the centre and Au at ten of the 12 corners of th e 

An important use of Au(+I) is in drugs to treat rheumatoid arthritis. 
The drugs are thought to be linear complexes of the type [RS-* Au«^$R) 
or [R 3 P—► Au«— PRj]. Changing the organic group R varies the solubility 
of the drug in lipids and affects how readily the drug is spread round the 
body. 

There is some evidence that gold can exist as the Au auride ion. This 
has an electronic configuration d lii s 2 which is a stable arrangement. The 
compound CsAu has no metallic lustre and the solid does not conduct 
electricity like a metal. This compound is ionic Cs*Au~ and is not an 
alloy. The Au~ ion has been confirmed in liquid ammonia solutions. Au“ 
is large and has been isolated in solids with several large cations. 

Photography 

The silver halides are of great importance in photography. A photographic 
film consists of a light sensitive emulsion of fine particles (grains) of silver 
salts in gelatine spread on a clear celluloid strip or a glass plate. The grain 
size is very important to photographers, as this affects the quality of the 
pictures produced. AgBr is mainly used as the light sensitive material 
Some Agl is used in -fast - emulsions (i.e. ones which can take photographs 
when the intensity of the light is low, or are used for photographing mov 

mg objects like racing cars where the exposure must be very short) ApD 
may also be present in the emulsion. ® 

fm^ e ,h film k P '? Ced in a , camcra ' When lhe Photograph is exposed, light 
from the subject enters the camera and is focussed by the lens to give a 

sharp image on the film. The light starts a photochemical reaction h! 
exciting a halide ion. which loses an electron The electron ^ 

m t: ,o r ,u "~'*• «-• ■££ zsz.tfc: 

often PI or'ai l '" V ' of Photography, exposures were long 

film. In modern photography onlv , shn f 8 b , CCOme black ° n ,he 
a second is used In this shorMiL . V™™ ° f P ° rha P s 1/1()< " h of 

10-50) are produced in each grain exposed*Ih-fil'^'h^h 

grains with some silver whilst na ^ ° f thc suh J ect contain a few 

Pin, contnin, , „ J,CKST* 

Next the film is placed !n a l^o^T ^'° "* ^ 
agent, usually containing uuinol he rS 0n ‘ T bis is a mild reducing 

10 Ag metal. Ag is deposited m • *? Urp ° se ,s lo rc ^uce more silver halide 

...m s .Th„ ! ,heLe^rp™T „V: h 'n' ,h n tre ~ *** ~ * 

so it becomes visible. The corrupt nsi ^ cs l be latent image on the film 

to obtain an image of the reuuired hi ^ processin g musl be used 

required blackness. The important factors are 


(+11) STATE 


827 


anu 


ihe concentration ° the developer solution, the pH. the temperature 
e ^ H ,° ,me / * 11 ' s kept in the developer solution. 

1 f h m 'm R>U ^ 1 oul ‘ m ° daylight at this stage, the unexposed 
parts ol the emulsion wouId turn kul . . , * r _ 

prevent this happening anv \ dcS,r ° y ,hc plC,UrC ' To 

placing the him in a fixer solution InTh rCm ° Vcd by 

used to dissolve the unchanged A„Br rt u v**' "T* ammon ' a was 

of ammonia in the conhned snace of ^ i cffcC " VC ' ,he smC " 

pleasant and harmful to the phou.eranh dafkrtH ' m musl have bccn un ‘ 

thiosulphate is used as fixer, h f or L phe [ ^ owada y s a solution of sodium 

• a soluble complex with silver halides. 

AgBr + 2Na 2 S : 0,_ N a< |Ag(S 2 0,) 2 | + NaBr 

blackened by^silver represent thHieh^D ^7*^ h ° U * ' n, ° daylighl ' Parls 
therefore a negative. gh ' par ' S ° f ,he original P ictu ^. This is 

bemadeUgh, Ss'Jd'I’hrf'h?^ ** ‘ hc right Way round - a P™ must 
^fore. ciupeu ana nxed in the same way as 


(+11) STATE 

The ( + 11) s , ate j s , he mos| stab , e a|)( , j f 2 , 

ssm jkl - - zx zz 

wh?rh f f M 8 beabng * ox °salts such as Cu(NO,) 2 decompose into CuO 
of NnOM , v cry strong heating (>800°C) gives Cu 2 0. The addition 

hL ^ ?° ,u " on containin 8 Cu 2+ gives a blue precipitate of the 
hydroxide. The hydrated ion |Cu(H 2 0) h | 2 * is formed when the hydroxide 

car onate are dissolved in acid, or when CuS0 4 or Cu(NO0 2 are 

isso ved in water. This ion has the characteristic blue colour associated 

ho , C0 PP er sa ^ s * a °d has a distorted octahedral shape. There are two long 
onds trans to each other, and four short bonds (Figure 27.1). This is 
ea e tetragonal distortion and is a consequence of the cT configuration. 

e octahedral arrangement causes crystal field splitting of the d orbitals 
°" t-u into low energy r 2p and higher energy levels. The nine d 
electrons are arranged and (e g )\ The three e g electrons occupy the 
i -v- and d,; orbitals, two in one orbital and one in the other. Since the e g 
evc l * s not symmetrically filled, Jahn-Teller distortion occurs. This re- 
moves degeneracy of the e g and t 2g orbitals (i.e. they are no longer the 
same energy). Thus the complex is distorted. The d x :_ y : orbital is under the 
•n uence of four ligands approaching along the directions +x, -jc, +y and 
v - The d : . orbital is under the influence of only two ligands approaching 
th° n ^ an( ^ ^ us *he energy of the d r :_ v : orbital is raised more than 
Ihe d : : orbital. Because of this, the three electrons in the / 2g level are 
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ssara rcr'ts: * '»■ • i »- *»*». 

"**"* "'«ons it. 

-;;rc,r,r *>—-»s; t :: t 4 z 

pounds. For e «mX h tht a Lnd r es n cir"Ute CO T 0n ” °° m ' COm - 
structure with a coordination number of 6 The bond I rU ‘ ile (Ti ° 2 > 
halides are: 1 ne bon d lengths in the Cu u X 2 

CuF 2 4 bonds 1.93 A and 2 bonds 2.27 A 
uCI 2 4 bonds 2.30 A and 2 bonds 2.95 A 
CuBr, 4 bonds 2.40 A and 2 bonds 3.18 A 

Plexcs also applies ^o'octahedr'a! complexes'^a^ ° C ' h ahedral C “ 2+ COrn ' 

•he e, orbitals are not symmetricallv fill f f y ° ,her me,al ion where 
three electrons. D,s.„ r ,i„ ns of lhjs kmlli'fou^m'b^ C ° main 0 " e ° r 


and 


Co 2 ' and Ni u , ow . spjn ^ ^ 
Cr and Mn 1 ' high-spin (l H )* (e t )' 


Aqueous Cu 2 * solutions form 

and amines, such as 1C. iu /->! n ‘ ,ny com Plexes with ammonia 

i C fifth 2 ° ),(NH,), l 2 * and |Cu(H,0) (Nh’I V’* |Cu(H 2 °)^ NH ’)tl 2 *' 

a fifth or sixth NH,. thoueh . \ M J°) 2 (NH,) 4 |-*. h j s difficult to add 
liquid ammonia as solvent Th ' S poss,ble to make |Cu(NH,)J 2 * using 
which distorts the octahedral rn re , aS ° n for ,his is ,hc Jahn-Teller effect 
long and weak. Similarly with ,h h* makcs ,hc fif,h and sw,h bonds 
the complexes (Cu(en)fH Ot | 2 * 'dentate ligand cthylencdtamine (en) 
quite easily but [Cu(en)V* • > and l c “(en) : (H 2 0) 2 | j4 arc formed 
enediamine. IS or mcd only with a large excess of ethyl- 

The halide complexes c h^, 

(NH 4 ) 2 |CuCI 4 | the ICuCI |i- ■ ,Wo d '^ erc nt stereochemistries. I n 

4 1 ,on ls square planar, but in Cs 2 |CuCI<l 


Most Cu( + ll) complexes and comnonnrU h ,.,, 

structure and are blue or green. The metal ion h <, . dls, “ r,ei1 ocla hedral 
figuration. This leaves only one holT in.' h i e ' eC ' r ° nic con ‘ 
promoted. so the spectra should be similar to The d 1 rasT^r"? ^ 
have a single broad absorption band. This is observed in^thL 
plexes absorb in the region 11 000-16000cm". However octaheTai 
complexes of Cu are appreciably distorted (Jahn-Teller effeett so ,h/r. 
,s more than one peak. These overlap so the band is not symmetrical It is 

r F^ndC. °o aSS ' gn lh \ PCaks un ambiguously. The anhydrous salts of 
CuF : and CuS0 4 are, perhaps surprisingly, white 

For many years no anhydrous nitrates of the transit,on metals were 
known. Heating the hydrated salts simply decomposed them. Water is l 
stronger ligand than the nitrate group, and so a hydrated nitrate prepared 
m aqueous solution will lose nitrate groups rather than water on heating 
The remedy is to prepare anhydrous nitrates without water rather than 
attempting to remove water from hydrated salts. Many anhydrous nitrates 
ha£ now been prepared using a non-aqueous solvent such as liquTi 

Anhydrous copperfll) nitrate can be made by dissolving Cu metal 

Gif NO) N O 24 'V'"?; aCe,a,e - Thc reac,ion 15 vigorous. and 

u yS ' a Cd from ,hc solu,ion - This has the structure 
. h C ’ Hea,ln 8 ,0 90 ° c dr ' v es off N 2 0 4 and gives blue an¬ 

hydrous Cu(NO,) 2 . Anhydrous Cu(NO,) 2 can be sublimed at 150-200°C 

and has an unusual crystal structure. There are two different crystalline 

r rmS '^A- trUC,UrC ° f ° ne ° f the ,wo solid forms shows infinile chains of 
u and NO, groups. Each Cu forms two short Cu—O bonds (1.9 A), and 

t e Cu is coordinated to six more oxygen atoms in other chains, forming 
onger bonds (2.5 A), making Cu eight-coordinate (Figure 27.2). In the 
vapour, Cu(NOi) 2 is monomeric. 

Copper(Il) acetate is dimeric and hydrated, Cu 2 (CH,COO) 4 • 2H 2 0. 
The structure (Figure 27.3) is similar to that of the carboxylate complexes 
0 Cr , Mo . Rh" and Ru", but there is an important difference. The 
structure consists of two Cu atoms each with a roughly octahedral struc¬ 
ture. The four acetate groups act as bridging ligands between the two Cu 
atoms. Thus O atoms from the acetate groups occupy four positions (in a 
square plane) round each Cu. The fifth position round each Cu is occupied 
V thc ° al °m ^om a water molecule. The other Cu atom occupies the 
S| xth of the octahedral positions. So far the structure is the same as that of 
chromous acetate. The difference is that the Cu—Cu distance is 2.64 A, 
w hich is significantly longer than the distance of 2.55 A found in metallic 
copper. Thus Cu does not form a M—M bond, whereas Cr and the other 
Petals which form carboxylate complexes do form M—M bonds. The Cu 11 
U) ns in this complex have a d u configuration with one unpaired electron. If 
c ,w ° ^ u ions form a metal-metal bond these electrons will be paired 
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Figure 27.2 The crystal structure of one form of anhydrous Cu(N0 3 ) 2 . (S.C. Wall- 
work, Proc. Chem. Soc. (London), 34, 1959.) 



0H 2 


Figure 27.3 Structure of (Cu(CH 3 COO) 2 • H 2 0) 2 . 

and the complex will be diamagnetic. If they do not form a bond then the 
complex will be paramagnetic. However, the magnetic moment measured 
at 25 °C is 1.4 BM per Cu atom, rather than the spin only value of 1.73 BM. 
This suggests that there is an ‘interaction’ or weak coupling of the unpaired 
spins on the two Cu atoms in this complex. This is thought to involve 
lateral overlap of the 3d r *_ v : orbitals on the copper atoms, and is some¬ 
times called 5 bonding. 

Ag( + II) is known as the fluoride AgF 2 . This is a brown solid andis 
made by heating Ag in F 2 . AgF 2 is a strong oxidizing agent, and a g 
fluorinating agent like CoF v It decomposes on heating: 

__ heal _ , _ 

AgF 2 —AgF + 4F 2 








(+III) STATE 


Ag' ,S more Stable in complexes suc h as [ Ag(pyndine)<] 2 * 

|Ag(dipyndylh| and |Ag(o«/,o-phenanthroline) 2 p + which form 

stable salts with non-reducing anions such as NOT and CIO" Thev 
are usually prepared by oxidizing a solution of A g+ an d Je'.Snd 
wi , h potassium persulphate. The complexes are ^uare planar and 

paramagnetic. 

A black oxide of formula AgO is formed by strong oxidation of Ag 2 0 
,n alkaline solution. Ag has a d configuration and must be paramagne- 

Ag ° dOCS ■ 

, A , u i r'i, r^ bably K r? in di,hi0lene impounds and in 
(Au(B,C 2 H,,) 2 | . but otherwise it only exists as a transient 

intermediate. 


n c 

n cA 

II Au 

/T' C V 


(+111) STATE 

The ( + 111) state is uncommon for Cu and Ag. In alkaline solution Cu 2 * 
can be oxidized to KCu m 0 2 , and if a fused mixture of KCI/CuCI 2 is 
fluorinated, K^JCu F*,] is formed. Strong oxidation with periodic acid 
(HsIOf,) gives K 7 CU ( 10^)2 • 7H 2 0. Fluorination of a fused mixture of 
alkali metal halide and silver halide gives M v [Ag m F 4 |", and electrolytic 
oxidation of Ag" can give impure Ag 2 O v Oxidation of alkaline Ag 2 0 
with persulphate gives the mixed oxide Ag l Ag ,,l 0 2 . Persulphate in 
the presence of periodate or tellurate ions gives compounds such as 
K*H[Ag m (IO h ) 2 ) and Na^ > H^[Ag lll (TeOf,) 2 ]. These compounds are all 
unstable and are strong oxidizing agents. 

In contrast, Au( + III) is the most common state for gold. There are few 
simple compounds, and these do not contain Au 1 " ions. Au m has a d 8 
configuration like Pt 11 , and like Pt it forms square planar complexes. 
These compounds decompose to the metal quite readily on heating. 

|Au'"CUr + OH" —* Au(OH)i- + " J ' c < Au.O,!!!!_!, A u + Au 2 0 + 0 2 

All the halides AuX^ are known. AuCU is made from the elements, or 
by dissolving gold in aqua regia and evaporating. 

Au + HNO, + HCI —> FU0 + |AuCI 4 r -3H 2 0- AuCI, 

AuBr^ is made from the elements and Aul* is made from the bromide. 
AuFt can only be formed with a strong fluorinating agent: 

Au + BrFi —> AuF* 

The fluoride is made up of square planar AuP 4 units linked into a chain by 
cis fluoride bridges. The chloride and bromide are dimeric. 
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Cl Cl Cl 

\ / \ / 

Au Au 

/ \ / \ 

Cl Cl Cl 

The ‘liquid gold’ used to decorate picture frames, glass and ceramic 
ornaments is a chloro complex of Au m dissolved in an organic solvent 
The complex is probably polymeric, and possibly a cluster compound. 
When ‘liquid gold’ is heated it decomposes, leaving a film of metallic gold. 

Hydrated gold oxide is amphoteric. It dissolves in alkalis to give salts 
such as sodium aurate Na AUO 2 ' H 2 O, and in strong acids to give H[ AuCI 1 
H[Au(NO,) 4 | and H|Au(SO„) 2 |. Cationic Au( + lll) complexes are also 
known, e.g. [Au(NH,) 4 ](NO .,)3 which is square planar. The complexes 
are generally square planar, and more stable than the simple compounds 

*f y,S 2 WhC / C X = Cl ' Br ' CN ~- S °3' are stable organo- 
metaihc compounds with strong Au-C bonds. The halides are dimeric 
and the cyanides are tetrameric. 


R ci r 

\ / \ / 

Au Au 

/ \ / \ 

R Cl R 


R 


R 


Au—C=N—Au—R 


N 


N 


R ~~Au—C = N—Au—R 


(+V) STATE 


R 


R 


magnetic polymer',* v.h.Vhy '' “ “ * dark red dia- 

“ 2°,'e «T' Tl " *• 


Au + 3 f 2 - 1 - q. 




Mi p^7 ° 2AuFft AuFs + \F 2 + 0 2 


U,ULU ^ ,LA L ROLE OF COPPER 
Copper is essential to life and u u 

the third largest amount of a “ l."* con,am aboul IWmg. This 
Though small amounts of Cu ° mela *' aRer Fe (4g) and Zn (2j 
About 4-5 mg of Cu are reon 3 ^ * ar gcr amounts are toxi 

animals results in the inability a !^ ‘ n diet, and deficiency 

y 0 use iron stored in the liver. Thus tl 
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animal suffers from anaemia. The Cu is bound to proteins in the body 
cither as metalloproteins or as enzymes. Examples include various oxi¬ 
dases and blue proteins. These include: 

1 Amine oxidases (oxidation of amines). 

2 Ascorbate oxidase (oxidation of ascorbic acid). 

3 . Cytochrome oxidase (acts with haem as the terminal oxidase step). 

4. Galactose oxidase (oxidation of an OH group to CHO in the mono¬ 
saccharide galactose). 

Copper is also important in: 

1. Lysine oxidase, which affects the elasticity of aortic walls. 

2. Dopamine hydroxylase, which affects brain function. 

3. Tyrosinase, which affects skin pigmentation. 

4. Ceruloplasmin, which plays a role in Fe metabolism. 

Wilson s disease is a hereditary shortage of ceruloplasmin, causing Cu 
accumulation in the liver, kidneys and brain. This disease is treated by 
feeding the patient with a chelating agent such as EDTA. The Cu forms a 
complex and is excreted. At the same time many other essential metals 
involved in other enzyme systems form EDTA complexes and are ex¬ 
creted. The treatment would thus upset many different enzyme systems, 
so the required metals must be replaced in the diet and treatment must be 
very carefully monitored. 

Haemocyanin is a copper containing protein which is important as an 
oxygen carrier in some invertebrate animals. Despite its name it is a non- 
haem protein. The molecular weight is roughly one million, and the 
molecule contains two Cu" ions. Despite the d 9 configuration of Cu 2 + the 
molecule is diamagnetic because of strong antiferromagnetic coupling 
between the copper ions. Haemocyanin is found in the blood of snails, 
crabs, lobsters, octapuses. and scorpions. The oxygenated haemocyanins 
arc blue coloured (unlike human blood), and have one dioxygen molecule 
attached to two Cu atoms. Dcoxygenated haemocyanin contains Cu 1 and 
is also blue. 

There are several blue proteins which contain Cu. They act as electron 
transfer agents by means of a Cu : */Cu* couple. Their colour is much 
more intense than would be expected for d-d spectra. The colour is 
thought to be caused by charge transfer between Cu and S. Examples 
include plastocyanm and azurin Plastocyanin occurs in the chloroplasts 
of green plants, has a molecular weight of about 10500 and contains one 
Cu atom. It is important in photosynthesis as an electron carrier. Azurin is 
found in bacteria It contains one Cu per molecule and is structurally 
similar to plastocyanin. but it has a molecular weight of about 16000. 


further reading 

Amscough. E.W. and Brodie. A M. (1985) Gold chemistry and its medical 
applications. Education in Chemistry . 22. 6-8. 


y (JamScanner 



834 


GROUP 11 - THE COPPER GROUP. COINAGE METALS 




Beinert, H. (1977) Structure and function of copper proteins. Coordination Chem 
Rev., 23, 119-129. 

Canterford, J.H. and Cotton, R. (1968) Halides of the Second and Third Row 
Transition Elements , Wiley, London. 

Canterford, J.H. and Cotton, R. (1969) Halides of the First Row Transition 
Elements, Wiley, London. 

Dirkse, T.P. (ed.) (1986) Copper, Silver, Gold, Zinc, Cadmium, Mercury Oxiaes 
and Hydroxides, Pergamon, Oxford. 

Gerloch, M. (1981) The sense of Jahn-Teller distortions in octahedral copper(II) 
and other transition metal complexes, Inorg. Chem., 20, 638-640. 

Gemscheim, H. (1977) The history of photography. Endeavour, 1, 18-22. 

Hathaway, B.J. and Billing, D.E. (1970) The electronic properties and stereo¬ 
chemistry of mono-nuclear complexes of the copper(II) ion, Coordination 
Chem. Rev., 5, 143. 

Jardine, F.H. (1975) Copper I complexes, Adv. Inorg. Chem. Radiochem. , 17, H5 

Johnson, B.G.F. and Davis, R. (1973) Comprehensive Inorganic Chemistry Vol 1 
(Chapter 29: Gold), Pergamon Press, Oxford. 

Karlin, K.D. and Gultneh, Y (1985) Bioinorganic chemical modelling of dioxyeen- 
activation copper proteins, J. Chem. Ed., 62, 983-987 * 

lUrl.n, KD. and Zubieta J. (eds) (1986) Biological and Inorganic Copper 
Chemistry, Vol. 1, Adenine Press. 

Kn i35 0 -i37* ^ 1986) C ° Pper ” the endurin S m etal. Education in Chemistry , 23, 

,norganic Chemis,ry - Vo1 - 3 (Chap,er 27: 
i,e Ma”e| ( Delcier 8 New Yo/r V ° L 13 ‘ C °PP er P ro ‘™ 

50 mTlfn J 2[ 1 K70 PP l72 C ° mpleXeS “ rad,a,i ° n r£COvery ’ agen,s - 

ln ° rganiC ChemLUry ' Vot 3 (Chapter 28: 

Va £d t ' n 62. J 99(J-m lJC Frei,aS ' D M - (l985) C °PP er - zlnc dismutase, J. Chem. 

199 - 202 * ^ Developments in copper smelting. Chemistry in Britain. 5. 



Group 12 — the zinc group 


Table 28.1 Electronic structures and oxidation states 


Element 


Electronic structure 

Oxidation states* 

Zinc 

Zn 

|Ar) 3d'°4i 2 

II 

Cadmium 

Cd 

[Kr] 4d'° 5s 2 

AA 

II 

Mercury 

Hg 

[Xe] 4/ 1 * 5d w to 2 

III 


•The most important oxidation states (generally the most abundant and stable) are 

shown in bold. Other well-characterized but less important states are shown 
in normal type. 


INTRODUCTION 

These elements all have a d w s 2 electronic arrangement and they typically 
form ions. However, many of their compounds are appreciably 
covalent. Hg( + II) compounds are more covalent and its complexes are 
more stable than is the case for Zn and Cd. Because these ions have a 
complete d shell, they do not behave as typical transition metals. Though 
the ions are divalent, they show only slight similarity with Group 2 
elements. Thus Zn shows some similarities to Mg. However, Zn is more 
dense and less reactive due to its smaller radius and higher nuclear charge. 
Also Zn has a much stronger tendency to form covalent compounds. Zn 
and Cd are broadly similar in most of their properties. The behaviour of 
Hg differs appreciably from that of Zn and Cd. In many ways Hg is unique. 
It is a liquid at room temperature, it is noble, and it forms ‘apparently 
univalent' mercury(I) compounds. Mercury is the only element in the 
group with a well established ( + 1) oxidation state. The increased stability 
of the lowest oxidation state in the heaviest element in the group is more 
typical of the p-block elements than the transition elements. 

Zn is produced on a large scale. In 1992, 7.3 million tonnes of the metal 
were produced. It is mostly used as a metal for rustproofing, for casting and 
for making alloys. ZnO is also important commercially. 

Zinc has an important role in several enzymes. Biologically it is the 
second most important transition metal. 
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ABUNDANCE AND OCCURRENCE 

Zn occurs in the earth’s crust to the extent of 132 ppm by weight. It is the 
twenty-fourth most abundant element. World production of Zn was 7.3 
million tonnes in 1992. The main regions where it is mined are Canada 
18%, Australia 14%, China 10%, and the Soviet Union, Peru and the 
USA 8% each. Cd production in 1992 was 20700 tonnes, and Hg 
production was 3200 tonnes. Cd and Hg are quite rare. In spite of this 
the elements are familiar because their extraction and purification are 
simple. 


Table 28.2 Abundance of the elements in the 
earth's crust, by weight 


ppm 

76 

0.16 

0.08 


Relative abundance 

24 

65 

66 = 


When the earth was formed Zn was deposited as sulphides. ZnS is mined 
and is called sphaelerite in the USA and zinc blende in Europe. The 
stnicture «like that of diamond with half the positions occupied by S and 
half by Zn or some other metal. Sphaelerite almost always contains iron, 

ealena p£™h h T * , Written (ZnFe)S ' 71,15 co ">monly occurs with 
g alena PbS. Hydrothermal weathering of the sulphides gave deposits of 

carbonates and silicates. ZnCO, is another important ore. ItTSed 

smithsonite in the USA (after James Smithson the founder of the Smith- 

Europe'Hemimo 'h ° C) ’ but ZnCO > is called calamine in 

dilv^uUsTZ e . n4(OH)2(Si2 ° 7) • Hj ° is ,ess im PO"a"t commer- 
sources of ores " ,er * s,in * e ? a ™ p,e of 3 Pyosilicate.In 1988 the main 
Otina and pi™ 7«/ Canada ^ ,he USSR 13 -5%, Australia 11%. and 
traces in Zn ores Cadm,um ores are very rare. Cd is found as 

Sree ore rinnabar H V S “'T** ^ ,hese ' H * is mined “ the rather 
scarce ore cinnabar HgS mainly m the USSR, Spain, Mexico and Algeria. 

extraction AND USES 


Extraction of zinc 

give Zn e o^TsO Zn ^The e sn nCemraIed by flo,ation > ,hen roasted in air to 

1 reaction k l> ^« dU k ! | d by C f rb °" monoxide 1200°C in a smelter. The 

the enuilihrium 7* ,u ’ tbe temperature is required to move 
the equilibrium to the right. At this temperature the Zn is gaseous. If 
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EXTRACTION AND USES 


the gaseous mixture of Zn and C0 2 was simply removed from the 
furnace and cooled, then some reoxidation of Zn would occur. Thus the 
zinc powder obtained would contain large amounts of ZnO. 

ZnO + CO ^ Zn + C0 2 

Modern smelters minimize the reoxidation in two ways: 

(a) by having excess carbon, so the C0 2 formed is converted to CO. 

(b) by shock cooling the gases leaving the smelter so they do not have 
time to attain equilibrium. This rapid cooling is achieved by spray¬ 
ing the hot gas with droplets of molten lead. This gives 99% pure 
Zn. Any cadmium present can be separated by distillation. 

Alternatively ZnS is heated in air at a lower temperature, yielding 
ZnO and ZnS0 4 . These are dissolved in H 2 S0 4 . Zn dust is added to 
precipitate Cd. and then the ZnS0 4 solution is electrolysed to give pure 
Zn The electrolytic process is expensive and is not used in the UK. 


Extraction of cadmium 

Cd is found as traces (2-3 parts per thousand) in most Zn ores, and is 
extracted from these. The ore is treated and yields a solution of ZnS0 4 
containing a small amount of CdS0 4 . Cd is recovered by adding a more 
electropositive metal (i.e. one higher in the electrochemical series) to 
displace it from solution. Zn powder is added to the ZnS0 4 /CdS0 4 
solution, when the Zn dissolves and Cd metal is precipitated. Zn is higher 
in the electrochemical series than Cd, and elements high in the senes 
displace elements lower in the series. 


Zn (lohd , + Cdfc lu , lon) - Zn ( ; J,+ Cd (solld) E° 0.36 V 

The Cd concentrate so obtained is then dissolved in H 2 S0 4 , and purified by 
electrolysis. The Zn is recovered from the ZnSO„ solution by electro ysis. 


(solid) 


= 0.36 V 


Extraction of mercury 

.. . . hrioht red coloured ore cinnabar HgS 

Hg is also scarce. It is mined as the brigni rcu cu. Hronlets of 

. u i icco Mexico and Algeria. Sometimes droplets or 

mainly in the USSR. Sp a > n _Mexic ^ ^ as Hg$ has a very hjgh 

Hg are found in these ores. The ore other rocks an d concentrated by 

density (8.1 gem ) it is separa c ^ Hg vapour formed 

sedimentation. If the ore is lean, it is heated in arr. me g 

is condensed, and the S0 2 is use4 i 10 ma e * 4 

HgS + 0 2 ^ Hg + S0 2 


Pich ores are heated with scrap iron or quickli 


HcS + Fe Hg + F eS 
4HgS ♦ CaO - 4Hg + CaSO, + 3CaS 


continued overleaf 
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Hg obtained in this way may contain traces of other metals dissolved in it 
particularly Pb, Zn and Cd. Very pure Hg may be obtained by blowing air 
through the metal at 250 °C, when traces of other metals form oxides 
These oxides float on the surface and are easily removed: 

1. By scraping them off the surface as scum 

2. By treatment with dilute HNOi, when the oxides dissolve 

3. Hg can be purified and separated from the other metals and oxides by 
distillation. The boiling points are: Pb, 1751 °C; Zn, 908°C; Cd 765°C- 
Hg, 357 °C. 

Uses of zinc 

Zn is used in large amounts for coating iron to prevent it from rusting. A 
thin coating of Zn may be applied electrolytically (galvanizing). Thicker 
layers may be applied by hot-dipping (dipping the metal in molten zinc). 
The latter process is misleadingly called ‘hot galvanizing’. Alternatively the 
object may be coated, with powdered Zn and heated (Sherardizing), or 
sprayed with molten Zn. Large amounts of Zn are used to make alloys. 
The most common alloy is brass (a Cu/Zn alloy with 20-50% Zn). Zinc is 
the most widely used metal for casting metal parts. Zinc is also used as the 
negative electrode in sealed ‘dry’ batteries (Leclanche cells, mercury cells 
and alkaline manganese cells). ZnO is sometimes used as a white pigment 

in paint. It is particularly bright as it absorbs UV light and re-emits it as 
white light. 


Uses of cadmium 

Most of the Cd produced is used for protecting steel from corrosion. It is 
applied electrolytically by Cd plating. Cd absorbs neutrons very well, and 
is used to make control rods for nuclear reactors. Cd is also used for 
alkaline Ni/Cd storage batteries used both in diesel locomotives, and also 
as the nicad rechargeable ‘dry batteries' used in radios and electrical 

appliances. CdS is an important but expensive yellow pigment. This is used 
in paint. 


Uses of mercury 

The largest use of mercury is in electrolytic cells for the production of 
NaOH and Cl 2 . The electrical industry uses Hg in mercury vapour street 
lights, switches and rectifiers. Historically Hg has been, and still is, used in 
the extraction of precious metals (particularly silver and gold) as amalgams. 
Phenyl mercury(ll) acetate and other oganomercury compounds have 
fungicidal and germicidal properties. They are sometimes used in agricul* 
ture for treating seeds. Mercury(l) chloride [Hg 2 |CL is used for treating 
club-root, a disease in brassicas (the cabbage family of plants). HgO 
been used in antifouling paints for ships, etc, IlgCL is used to make organo 
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derivatives. All Hg compounds are toxic, but the organo compounds are 
extremely dangerous and have lasting ecological effects. Small scale uses of 
mercury include thermometers, barometers and manometers, amalgams 
as a detonator (mercury fulminate) and in some medicines. 


OXIDATION STATES 

The elements in this group all have two 5 electrons beyond a completed d 
shell- Removal of the 5 electrons results in divalent compounds, and the 
( + 11 ) oxidation state is characteristic of the group. 

Hg( + 0 compounds are important. The univalent ion Hg+ does not 
exist, as mercury(I) compounds are dimerized. Mercury(l) chloride is 
therefore Hg 2 Cl 2 and contains [Hg—Hg] 2 ^ ions. In these, the two Hg + 
species which have a fa 1 configuration are bonded together using their s 
electrons. Thus mercury(l) compounds are diamagnetic. Unstable species 
Znabd Cd 2 ^ have been detected in fused mixtures such as Cd/CdCl 2 , 
and Cd/CdC^/AlCl^. A yellow compound [Cd 2 ][AICl 4 ] 2 has been isolated 
from such melts, but it disproportionates instantly in water. 

[Cd 2 ] 2+ -> Cd 2+ + Cd 


8391 


The normal trend is that on descending a group the bonds become weaker 
because the orbitals are larger and moie diffuse. Thus overlap is less 
effective. The reverse trend is observed in this group. The Hg—Hg bond is 
much stronger than the Cd—Cd bond. This is because the first ionization 
energy of Hg is much higher than for Cd (Table 28.4), and hence Hg shares 
electrons more readily. 

Oxidation states higher than ( + 11) do not occur. This is because removal 
of more electrons would destroy the symmetry of a completed d shell. 


SIZE 

The ionic radii of the M 2 * ions of Group 12 are appreciably smaller than 
for the corresponding elements in Group 2. This is because Zn, Cd and 
Hg have 10 d electrons which shield the nuclear charge rather poorly. The 
difference in size accounts for the lack of similarity in properties 

between the two groups. 


Ca 2 * = 1.00 A 
Sr 2 * = 1-18 A 
Ba 2 * = 1.35 A 


Zn 2 * = 0.74 A 
Cd 2 * = 0.95 A 
Hg 2 * = 1.02 A 


,„„i, c : n .he size of the second and third 
The lanthanide contraction re ^ same wjth earlier pairs G f 

row transition elements being * ^ were partjcularly close . 

transition elements,. Zr/Ht an contraction is still felt, but to a 

W» Cd/Hg UK rffw oO* S- bu. UK »si” is 

much smaller degree. Hg IS la g 
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Table 28.3 Sonic physical properties 



vjvniiv 

Covalent 

radius 

(A) 

•/— » ' 

Ionic 

radius 

M 2 * (A) 

Melting 

point 

(°C) 

Boiling 

point 

co 

Density 

(gem 1 ) 

Pauling’s 

electro- 

negativity 

Zn 

Cd 

Hg 

1.25 

1.41 

1.44 

0.740 

0.95 

1.02 

420 

321 

-39 

907 

765 

357 

7.14 

8.65 

13.534 

1.6 

1.7 

1.9 


smaller than that between Zn 2 " and Cd 2 " The chemical evidence is 
that Cd and Hg are dissimilar. 


IONIZATION ENERGIES 

The first ionization energy for Group 12 elements (Table 28.4) is consider¬ 
ably higher than for the corresponding Group 2 elements. This is because 
the atoms are smaller and the filled d level is poorly shielding. The filled 4/ 
shell in Hg further increases the binding energy of the outer electrons, and 
the first ionization energy for Hg is greater than for any other metal. The 
second ionization energies are high, but M 2 " ions are known for all three 
elements as the solvation or lattice energy is sufficient to offset this. 
Mercury tends to form covalent compounds. The third ionization energies 
are so high that ( + III) compounds do not exist. 


Tabic 28.4 Promotion and ionization energies 



Promotion energy 


Ionization energy 



— » s i p i 


(kJ mol~ 1 ) 



(kJ mol ') 

1st 

2nd 

3rd 

Zn 

433 

906 

1733 

3831 

Cd 

408 

876 

1631 

3616 

Hg 

524 

1007 

1810 

3302 


GENERAL PROPERTIES 


Zn, Cd and Hg show few of the properties associated with typical transition 

"" y 8 “»' 


1 . 

2 . 


Zn and Cd do not show variable valency. 

snerMTra^ e * ectr °nic configuration and so cannot produce d-d 

comnniinH U$ f m , * 1C * r com P oun ds are white. However, some 

coloured i ° g f + ^ and a sma,,er number of Cd( + II) are highly 
loured due to charge transfer from the ligands to the metal. (The 
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metals of this group are smaller and thus have a greater polarizing 
power than Group 2 metals. This increases the chance of covalency and 
also the chance of charge transfer.) 

3 . The metals are relatively soft compared with the other transition 
metals. This is probably because the d electrons do not participate in 
metallic bonding. 

4 . The melting and boiling points are very low. This explains why the 
metals are more reactive than the copper group, even though the 
ionization energies for the two groups suggest the reverse. (Nobility is 
favoured by a high heat of sublimation, a high ionization energy and a 
low heat of hydration.) 

Mercury is the only metal which is liquid at room temperature. The 
reason for this is that the very high ionization energy makes it difficult for 
electrons to participate in metallic bonding. The liquid has an appreciable 
vapour pressure at room temperature. Thus exposed mercury surfaces 
should always be covered (for example with toluene), to prevent vaporiza¬ 
tion. and hence poisoning. The gas is unusual because it is monatomic like 
the noble gases. 

Similarities between Group 2 elements with an outer electronic struc¬ 
ture r and the zinc group an outer electronic structure d w s 2 are slight. 
Both groups are divalent. The hydrated sulphates are isomorphous, and 
double salts such as K 2 S0 4 • HgS0 4 • 6H 2 0 are analogous to K 2 S0 4 * 
MgS0 4 -6H 2 0. However, the zinc group is more noble, more covalent, 
has a much greater ability to form complexes and is less basic. 


STANDARD REDUCTION POTENTIALS (VOLTS) 



The reactivity decreases from Zn to Cd to Hg. This is shown by their 
standard reduction potentials. Zn and Cd are electropositive metals. Hg 
has a positive potential and is therefore quite noble. The large difference 
between Cd and Hg may be partly explained by Hg having the highest first 
ionization energy of any metal, and by the higher solvation energy of Cd 2 * 

Zn 2 + + 2e - Zn £° = -0.76 V 

Cd 2 * + 2c- Cd £° = -0.40 V 

but Hg 2 * + 2e Hg £° = +0.85 V 
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Zn and Cd arc silvery solids which tarnish rapidly in moist air. Hg j s 
silvery liquid and does not tarnish readily. Zn and Cd dissolve in dilute 
non-oxidizing acids, liberating H 2 , but Hg does not. All three metals react 
with oxidizing acids such as concentrated HN 0 3 and concentrated H 2 SO 
forming salts and evolving a mixture of oxides of nitrogen and S 0 2 . Unde 
these conditions Hg forms (4-II) salts, but with dilute HN0 3 a mercurvm 
salt Hg 2 (N0 3 ) 2 is slowly formed. ' 

Zn is the only element in the group which shows any amphoteric proper¬ 
ties, and it is soluble in alkalis, forming zincates. These are formulated 

Na 2 [Zn(OH) 4 ], Na[Zn(OH),- H 2 0] or Na[Zn(OH),- (H 2 0),] similar to 
aluminates. 

All three metals form oxides MO, sulphides MS and halides MX 2 by 
heating the elements. On stronger heating HgO decomposes, and this^as 
been used as a preparation of 0 2 . 


Hg + 0 2 


Hgu 


ng i- kj 2 


All three elements form insoluble sulphides. In qualitative analysis CdS 

2 S, a 7 d Q H r 8 l (b l aCk) are P rec ‘P i,a,ed b y P assi "g H 2 S into acidified 
solutions. ZnS (white) is more soluble and is precipitated by H 2 S only from 

alkaline solutions. ZnCI 2 and CdCI 2 are ionic, but HgCI 2 is covalent n,e 

^nergy t° promote an s electron to a p level prior to forming two covalent 

to He rr; rn m Z " 10 Cd ’ but ra,her surpnsin 8 | y increases from Cd 
a if it, and Cd reaCt Wl,h P to glve P hos Ph'des. but Hg does not. 
Cn a a 7 C me,als form al >ovs with several other metals. Those formed bv 

Zn Thp " arC CaMed bfaSS ' and differem brasses have from 20% to 50% 

in the manufacture of NaOH 11 Bnh* P ' 0llu ^ ed ' n lhe mtKur * cathode cell 

strong reducing aeents in^hl Pk H 2mC ^ S ° d,Um amalgams are “sed as 
elements do nol ff rm V h labora,or y- Many of the first row transition 

do soTeheaviPrlnThf"'!: M "' C “ and Zn are the °"'y ones to 

vely sindlaMn ST a'nf 'T" "f third L, Camel, , „ 

row element. In this ^ d, . ffC . r fr ° m the firSt 

considerably from Hg ^ are Ver ^ s,m,Iar and differ 




production oTmbbefsiPce^Tl^T ' 31 i ™ por,ance - lts main use is in the 
occur. ZnO is also used as a whit/ ^ taken . for vu,canization 10 
this purpose than is TiO u/K u f , ^ ment m P a ' nt - It is much less used for 
a better covering power 2 7nC\ !* S 3 refractive index and hence 

compounds such as zinc stearate^V * 3 ™?^ 01 " 1 for makin & olher Zn 
are ‘soaps’ and are used to stahir z,nc P a,mit ate. These two compounds 

production of ZnO was 366500 tonnesTn^wV ‘° makC Pa ' nt dry ' 
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Basic properties increase down the group. ZnO is amphoteric. It dis¬ 
solves in acids, forming salts, and in alkali, forming zincates such as 
[Zn(OH)4l 2 an ^ JZn(OH) 3 * H 2 0] . Addition of alkali to an aqueous 
solution of a Zn salt first gives a white gelatinous precipitate of 
Zn(OH) 2 , which redissolves in excess alkali, forming zincates. CdO is 
largely basic, but with very strong alkali Na 2 [Cd(OH) 4 ] is formed. Both 
Zn(OH ) 2 and Cd(OH) 2 dissolve in excess ammonia, giving ammine com¬ 
plexes. HgO is completely basic. 

All three oxides are formed by direct combination of the elements or by 
heating the nitrates. ZnO and CdO both sublime, showing that they are 
appreciably covalent. HgO does not sublime as it decomposes on heating. 


2HgO 


heal >400 °C 


♦ 2Hg + 0 2 


The thermal stability of the oxides thus decreases from Zn to Cd to Hg. 

ZnO is white when cold but turns yellow on heating. It returns to white 
on cooling. CdO may be yellow, green or brown at room temperature, 
depending on its previous heat treatment. However, it is white at liquid air 
temperature. These divalent compounds have a complete d shell, so the 
colour is not from d-d spectra. Their colour is due to defects in the solid 
structure. (On heating ZnO it loses O.) The number of defects increases 
with temperature and is zero at absolute zero (see Chapter 3). HgO exists 
in red and yellow forms. 

Addition of a base to a solution of the salts precipitates Zn(OH) 2 , 
Cd(OH) 2 and a yellow form of HgO, not Hg(OH) 2 . The yellow form of 
HgO has the same crystal structure as the more common red form which is 
formed by heating the elements or Hg(N0 3 ) 2 . The difference in colour 
is due to the particle size. 

When Zn(OH) 2 and Cd(OH) 2 are treated with H 2 0 2 they form per¬ 
oxides which have variable compositions. 


DIHALIDES 

All 12 dihalides MX 2 are known. The fluorides have appreciably higher 
melting points than the other halides, and the fluorides are ionic. The 
melting points of the chlorides, bromides and iodides are fairly low. This 

suggests that they are partly covalent. 

ZnF 2 , CdF 2 and HgF 2 are white solids and are considerably more ionic 



ZnF 2 872 °C 
ZnCI 2 283 °C 
ZnBr 2 394 °C 
Znl 2 446 °C 


CdF 2 1049' 
CdCI 2 568 °C 
CdBr 2 567 °C 
Cdl 2 387 °C 


HgF 2 645 °C (decomp.) 
HgCI 2 276 °C 
HgBr 2 236 °C 
Hgl 2 259 °C 
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and have higher melting points than the other halides. They are not very 
soluble n water. This is partly because of their higher lattice energies, and 
partly because they do not form halogen complexes in solution. ZnF 2 has 
the rutile (Ti0 2 ) structure in which Zn 2 * is octahedrally surrounded by six 
F~ ions. The larger Cd 2 * and Hg 2 * ions are eight-coordinate with a 
fluorite (CaF 2 ) structure. 

ZnCl 2 , ZnBr 2 and Znl 2 may be considered as close-packed arrays of 
halide ions, with Zn 2 * ions occupying one quarter of the tetrahedral holes 
The CdX 2 compounds are close-packed arrays of halide ions with Cd 2+ 
occupying half the octahedral holes. There is a considerable amount of 
polarization, and the crystal lattices are not completely regular as expected 
for ionic compounds. CdCl 2 and Cdl 2 form slightly different layer lattices 
in which Cd 4 ions occupy all the octahedral holes in one layer, and none 
m thc next Th,s illustrates that they are partly covalent (see Chapter 3} In 
contrast HgCI 2 , HgBr, and Hgl 2 are covalent with low melting points 
Hga 2 sohd comarns linear Cl-Hg-CI molecules with a bond length 
g Cl of 2.25 A. There is little interaction between the He and Cl atoms 
other than between the Hg and the two C. atoms it ts closelv asslc a.ed 

^ d f ance 3-34 A). HgBr 2 and Hgl 2 form layer lattices 

The halides are all white except for CdBr 2 which is pale yellow and Hoi 
whjch exists in red and yellow forms. The colour is due tJcIlZc tranS 
The chlorides, bromides and iodides of Zn and rn k ^ • 

are very soluble in water. The solubles are and 

ZnCl 2 432 g in 100 g water at 25 °C 
CdCI 2 l40g in lOOg water at 20°C 

CryS,a ' laMice is "<*‘ ver V «rong 
that the metal ions form • C , r reason *° r the high solubility is 
[Zn(H 2 0)„] 2 ' f ZnCr /ri V ° f com P lexes in solution such as 

tions of Zn 2 * and Cd^'X'nT. and [ZnCI 4 (H 2 0) 2 | 2 -. Solu- 

Sal,s are acidlc - because of hydrolysis: 

Con H , 2 ° + (Zn(H2 ° ) '>l 2 " - [Zn(H 2 0) 5 0H] + + HjO^ 

Z , n ? ! are “*"*«• pappr ZnCI, 

used as a flux^Sel tk f ° f trea,i " 8 *«««■ ZnC. 2 is also 
dissolves metal oxides thuf ii * S - * S somet * mes called killed salts and it 
surface. ' ' huS allowi " 8 > h ^ solder to stick to a clean metal 

Zn salts are usually hvdratpd i 
halides dissolve they do nn» sa ts are * ess hydrated and when the 

complexing. Thus Cdl, mav completely, and may undergo self- 

[Cdl,|- and |Cdl 4 | 2 - jn solution V. mix,uri: . of hydrated Cd 2 \ Cdl*. 
centration. Mercury(II) salts nc P r °portions depending on the con- 
appreciably on dissolution inwtlTn an hydrous and do not ionize 
was made by heating HeSO ' *;^l 2 is called corrosive sublimate. It 

since the Middle Aces It k aR ^ * anc ^ ^ as ^ ccn usec * as an ant * se P l ' c 
used in medicine as a powerful However ' ca,omel Hg -° 2 ,s 





COMPLEXES 

s donor ligands and’with’hldule k™ Hg( > + n J ) , r ) 'f gands and also wi,h N and 
und S donor ligands, bu. is reluctam^boni^ 177^'" 
com plexes is much greater than that of the other two e emen s TOs if 
unusual because smaller tons usually complex best. No comp ex« are 
known with n bonding ligands such as CO NO or aliens u P are 
and Cd do form complexes with CN'.e.g [ZnfCNl 1^- 7 n H f r ’ Zn 
usually colourless, but Hg complexes (and to a .esse?extent Cd^mplexes) 
are often coloured because of charge transfer. Coordination number from 

2 ,o 8 are known Since the elements have a d"> configuration there I no 
crystal field stabilization energy. 6 no 

• Zn " j" nd< r d '1 0 , CUr lar f ly in 'our-coordination as tetrahedral complexes. 
Many tetrahedral complexes are known (e.g. [MCU 2 ' fMfH-,Ot 1 2+ 

IMtNHjWOW. (Zn(CN)^. l^yr^JS^id 

C frvtf^rm l^- 2 »h r N k CS) ^ * the l,gand is bo "ded through N, but 
in [Cd(SCN) 4 ] the ligands bond through S. 

i Z " a " d .f d f ZJu7p. SiX ; COOrdina,e octahedral complexes such as 
[M(H 2 0) fl J . IM(NHj) ( ,|- , |M(ethylenediamine) 3 ) 2+ and [Cd (ortho- 

phenanthroline) 3 |' . The octahedral complexes of Zn are not very stable, 
but Cd forms octahedral complexes more readily and they are more stable 
than those of Zn because Cd is larger. 

Most Hg complexes are octahedral. These are appreciably distorted 
with two short bonds and four long bonds.,In the extreme this distortion 
results in only two bonds. Examples of this are the compounds Hg(CN) 2 
and Hg(SCN) 2 and the complex [Hg(NH 3 ) 2 ]Cl 2 . The latter contains the 
linear [H 3 N Hg NH,] 2 * ion. Hg 11 also forms some tetrahedral com¬ 
plexes (e.g. [Hg(SCN) 4 ] 2 ‘ and halide complexes such as K 2 [HgI 4 j). The 
latter is used as Nessler s reagent for the detection and quantitative deter¬ 
mination of ammonia in solution. Nessler’s reagent gives a yellow colour or 
brown precipitate with concentrations as low as 1 part per million of NH 3 . 
This test is used on drinking water. The presence of NH 4 ions in water at 
this concentration is not in itself harmful, but it may indicate contamina¬ 
tion of the water with sewage. Mercury(II) chloride in solution is mainly 
HgCl 2 , but [HgCl 4 ] 2 ~ can be formed if CP are in excess. In the Hg 
complexes, two ligands are held more strongly than the others, and some 
ammine complexes lose ammonia from the solid. 


[Hg(NH 3 ) 4 ](N0 3 )2 - [Hg(NH 3 )2](N0 3 ) 2 + 2NH 3 

Two-coordinate complexes are rare for Zn and Cd. 

Three-coordination is rare but an example is [Hgl 3 ]~. Five-coordination 
is not common, but examples include [CdCl 5 ] 3- and [Zn(terpyridyl)CI 2 ], 
which have a trigonal bipyramid shape. There are a few complexes with 
coordination numbers of 7 and 8. Examples of coordination number 8 are 
[Zn(N0 3 ) 4 | 2 “ and [Hg(NO,) 4 ] 2 "- These involve bidentate O donor ligands 
with a small ‘bite* such as NOT, in which two O atoms occupy coordination 
positions. 
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Figure 28.1 Structure of basic zinc acetate (CH^COO) h - Zn 4 0. 

Zinc forms basic zinc acetate (CH 3 COO) 6 - Zn 4 0, a complex very like 
basic beryllium acetate both in structure and properties (see Figure 28.1). 
The zinc complex hydrolyses more readily than the beryllium complex, as 
zinc can increase its coordination number to 6. 


MERCURY(+I) COMPOUNDS 

Only a few Hg(I) compounds (formerly called mercurous compounds) are 
known. They contain the ion (Hg—Hg) 2 *, not Hg*. The two Hg atoms 
are bonded together using the 6 s orbitals. Mercury is unique in forming 
stable dinuclear metal ions. The only other metals which form dinuclear 
ions are (Zn—Zn) 2 * and (Cd—Cd) 2 *. These ions are unstable and have 
only been detected spectroscopically in melts of Zn/ZnCl 2 and Cd/CdCI 2 . 

Mercury(I) compounds can be made by reducing the mercury(II) salt 
with the metal. Alternatively mercury(l) nitrate can be made by dissolving 
Hg in dilute HN0 3 . Other salts are made from this by adding NaHC0 3 to 
precipitate Hg 2 C0 3 , and treating this with HC1, HF. H 2 S0 4 , etc. to 
produce the salt required. 

All four mercury(I) halides are know'n. [Hg 2 ]F-> is hydrolysed by water, 
and then disproportionates. 


[Hg 2 ]F 2 + 2H : 0 


2HF + [Hg 2 ](OH) 2 

unstable 


[Hg 2 |(OH), ^ r ’' por "’ ,nju ~', 


Hg M 0 + Hg" + H..O 


Hg 2 ]CI : . (Hg 2 ]Br 2 and [Hg 2 ]l 2 are insoluble in water. The nitrate 
Hg2)(N0 3 ) 2 • 2H 2 0 is soluble in water, and contains the linear [H 2 0 
Hg—Hg—OH.|’* ion. and |Hg ; ](CI0 4 )_, • 4H.O is also soluble. No oxide, 
hydroxide or sulphide is known. 


The standard reduction potentials are so close that oxidizing agents lik c 
HNOj will convert Hg to Hg 2 * rather than Hg(I) if the oxidizing agent is 
present in excess. 


; 






r 


MERCURY (+1 ) compounds 


E° = +0.85 V 
E° = +0.79 V 


r- 


Hg 2 * - Hg 
and [Hg ; ] 2 " - Hg 

w • f x T 

The reduction potentia. diagram shows that [He-,I 2 * k ctahu h* 
tionation by a small margin under standard conditions. d,s P ro P° 

Hg + Hg Hg$ + £° = +0.13 V 

The equilibrium constant K for the reaction can be calculated from the 
potential t : 

E° = ^ In K 
nF 


K _ concentration (Hg;,) 2 * 

concentration Hg 2+ ~~ a Pprox. 170 

Thus solutions of mercury(l) compounds contain one Hg 2+ ion for every 
170 [Hg 2 ] ions. The equilibrium is finely balanced. If a reagent is added 
which removes Hg from this mixture (by forming either an insoluble 
compound or a complex) then the equilibrium moves to the left. Under 
these conditions (Hg 2 ) ions disproportionate completely into Hg 2 + 
and Hg. For example, the addition of OH or S 2 ~ ions gives a precipitate 
of HgO and Hg, or HgS and Hg. The absence of several mercury(I) 
compounds such as hydroxides, sulphides and cyanides is because they 
precipitate Hg 2 , and allow disproportionation to occur. Conversely, 
mercury(I) compounds can be made by heating mercury(II) compounds 
with at least a 50% excess of Hg. 

HgCl 2 + Hg - [Hg 2 ] 2 +CI 2 

In qualitative analysis the presence of Hg 2 Cl 2 in solution is confirmed by 
the formation of a black precipitate when treated with NH 4 OH. The dark 
residue may be Hg(NH 3 ) 2 Cl 2 , HgNH 2 Cl or Hg 2 NCl • H 2 0 or a mixture of 
all three together with Hg. 

Mercury(I) ions form few complexes. This is because of the large size of 
the binuclcar ion, and because most ligands cause disproportionation. 

Mercury is unique in the Hg( + I) state in that it consists of two directly 
linked metal atoms. The mercury(I) ion thus has the structure [Hg—Hg] 2 * 
Evidence for this comes from several sources: 


X-ray diffraction 

The crystal structures of several mercury(I) compounds have been 
determined by X-rav diffraction. For example, consider Hg Cl. If the 
compounds comprised Hg* and Cl" the structure should contain alternate 
Hg* and Cl" ions It does not have this structure, but contains a linear 
arrangement Cl- Hg-Hg-CI. The other Hg 1 compounds also have 

Hg-Hg pairs rather than discrete Hg* ions .<1 ^ll lBr 
varies in different compounds: |Hg;|F 2 . 2.51 A. |Hg 2 |CI 2 , 2.53 A, | g 2 ) 2 . 
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2.49 A; [Hg 2 |l 2 . 2.69 A: lHg 2 ](NOi) 2 • 2H 2 0. 2.54 A; [Hg 2 ]S0 4 2.50 A. 
These are all much shorter than the Hg Hg distance of 3.00 A in solid 
mercury. 


Equilibrium constant 

Equilibrium constants can be measured and provide evidence about the 
species present. Mercury(I) compounds can often be made from the cor¬ 
responding mercury(II) compound by treatment with mercury. If the 
reaction is: 

Hg(NO.O: + Hg - 2HgNO, 

Hg 2 " + Hg - 2Hg" 

then by the law of mass action 


[Hg"] 2 

7 7 : 2 + 1 = constant 
[Hg 2 ] 

Experiments have shown this to be untrue. If, however: 

Hg 2+ + Hg - (Hg,) 2 * then Mil = 

[Hg 2 *) 

,h “ pr °™‘ “-“Kd 


constant 


ions 


Concentration cell 

strZ e l 0 L'e h r e cu e r y 7l) f io 0 i ^twopos^ °l merCUry(,) nitrate 

beta. ,b. £ . « meisured r ZiTo v" 


Hg 


0.005 M 

mercury(l) nitrate 
in M/10 HNO., 

V) 


0.05 M 

mercury(I) nitrate 
in M/10 HNOj 
( 2 ) 


Hg 


F _ 2.303R7 c, 
£ -~^'og^ 


Substituting values in this equation: 


hence 


0.029 = i2^9 0.05 

n 8 0.005 
n = 2.0 


The number of charges on the in„ 

constant. T the absolute temoerar " be calcula,ed since R ,he * as 
concentrations of the solution* ,* he Farada y- and c, and c 2 th< 

confirming (Hg 2 ) 2 " ’ e a Known. The value of n was 2. 
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gafn* n *P cctra 

•pie Raman spectrum for mercury(I) nitrate contains the lines characteris¬ 
tic of the NO 3 group. Similar lines appear in the spectra of many other 
nitrates. Mercun(I) nitrate has an extra line in the spectrum at 171.7cm* 1 
which is attributed to the Hg Hg bond. Homonudcar stretching of a 
diatomic species is Raman active but not infra-red active. This was the first 
example of Raman spectra identifying a new species. 


Magnetic properties 

All mercury(I) compounds are diamagnetic both in the solid state and in 
solution. Hg* would have an unpaired electron and would be paramagne¬ 
tic. but in [Hg—Hg] : * the electrons are all paired and it should therefore 
be diamagnetic. 


Cryoscopic measurements 

The depression of freezing point produced depends on the number of 
particles dissolved in the liquid. The observed depression fits for mer- 
cury(I) nitrate ionizing into Hg|^ and two NOf ions, not into Hg + and 

N0 3 '. 


POLYCATIONS 

The compounds Hg,(AICI 4 ) 2 and Hg.fAsF*), contain cations with three 
and four mercury atoms joined together in an almost linear chain. They 
can be made by reactions such as; 


2Hg + HgCI 2 + 2AICI, -* Hgi(AICI 4 ) 2 

3Hg + 3 AsF 5 -* Hgi(AsF 6 J 2 + AsF, 

4Hg + 3 AsF 5 -* Hg 4 (AsF„) 2 + AsF, 

Their crystal stuctures give the following bond lengths in the cations: 


[^Hg^Hg] 


2 ♦ 


[Hg-“~ Hg——~Hg——— 


H.r 

The bond lengths though not identical, are within the range shown in 
most mercury (T) compounds. The nature of the bonding in these tons ts of 
interest. In the mercury(I) Hgl* ion the two Hg atoms are bonded together 
using the 6r orbital. This idea cannot be extended to ,hree or ^ ^ 
atoms. If the mercury(I) ion was made from a Hg ton w. h a Hg atom 
coordinated to it Hg 2 * - Hg, then this might be extended to the trime.: Hg 
Hg 2 * ^ Hg However, it is hard to see how a linear tetramer could be 
formed. The answer may lie in multi-centre bondtng. An unusual soltd 
[Hg 2 K ,(AsF A )Ji can be made in liquid S0 2 . 

6 n(Hg) + 3 n(AsF<) - [Hg 2 hs(AsF a )]„ + n(AsF,) 
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The crystal structure contains chains of Hg atoms in the x and y directions. 
The compound conducts electricity almost as well as mercury, and it 
becomes a superconductor at low temperatures. 


ORGANOMETALL1C COMPOUNDS 

The first organometallic compound was Zeises salt K[Pt(r| 2 - 
C 2 H 4 )C1i]H 2 0. This was isolated in 1825, but remained a chemical 
curiosity. The first u-eful organometallic compounds were prepared by Sir 
Edward Frankland in 1849, and they found use in organic synthesis. 
These were of two types: 

1 . zinc alkyls ZnR 2 and 

2. alkyl zinc halides RZnX. 

They were originally prepared as follows: 


_ _ inert atmosphere__ heat „ _ 

EtI + Zn-► EtZnI-> Et 2 Zn + Znl 2 

The reaction works best with alkyl or aryl iodides, but it is cheaper to use 
RBr with a Zn/Cu alloy. C0 2 may also be used as the inert atmosphere. 
The products ZnR 2 are either covalent liquids or low melting solids. The 
alkyl zinc halides RZnX apparently have the structure: 

R X 

\ / 

Zn—Zn 

/ \ 

R X 

These were, used in organic syntheses before Grignard reagents RMgX 

were discovered. Grignard compounds are usually more convenient to 
make and use. 

ranktfv 11 ^ COm P° uncls anc * ^ ( an< * also Li and Mg) all decompose 
rapidly on contact with water and air. The Zn and Cd alkyls^ire 

meTcur^com^und^ fr ° m Gngnard or alk y‘ lithium ^agents, or alkyl 

CdCl 2 + 2RMgCI -» CdRj + 2MgCl 2 
ZnCl 2 + 2RLi -» ZnR 2 + 2LiCl 
Zn + HgR 2 ZnR 2 + Hg 

If required the Grignard-type compounds can be made as follows: 

CdR, + Cdl 2 -. 2RCdI 

alkyls^but^a^less^e'acUve 111 ''^ W3y '° Gr ' 8nard reagents and lithium 
reactivity allows selectiveSySton? UnaffeC,ed ^ C ° 2 Their ** 

^ 2 Zn + EtOH RZnOEt + RH 
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The most important use of organocadmium compounds is to produce 
Intones. This also exploits the lower reactivity of the Cd alkyls, as 
^ngnard reagents would react further with the ketone produced. 

R 

\ 

R : Cd + 2CH,COCI — 2 CO + CdCl, 

/ 

ch 3 

A large number of organomercury compounds are known of types R 2 Hg 
and monomeric RHgX. They are much more stable to air and water than 
the zinc compounds. They are easily made by Grignard reactions with 
HgCl 2 in tetrahydrofuran, or by reacting HgX 2 with a hydrocarbon: 

HgCl : + RMgBr -► RHgCl + *MgCI 2 + $MgBr 2 
RHgCl + RMgBr -♦ R 2 Hg + $MgCI 2 + iMgBr 2 
HgX : + RH —> RHgX + HX 

Arvlmercury compounds may be prepared from mercury(II) acetate: 

+ (CH 3 COO) 2 Hg- C 6 H 5 HgOOC CH 3 

phcnylmcrcury(II) aceiaic 

Organomercury compounds are important for the preparation of organo- 
metallic compounds of Groups 1 and 2, Al, Ga, Sn, Pb, Sb, Bi, Se, Te. 
Zn and Cd. 

R 2 Hg + 2Na — 2RNa + Hg 

HgR 2 compounds are covalent liquids or low melting solids They are 
extremely poisonous. RHgX compounds are solids, and they are ex¬ 
tremely toxic Many RHgX compounds, particularly EtHgCI, PhHgCl and 
PtiHgOOC > CH 3 . and Hgf Me ) 2 have been widely used for treating seeds, 

and as pesticides and fungicides. 

Mcrcury(II) salts will add to double bonds in alkencs. 

HgCI; + )c=c( - CI^C-C^HgCI 

Mercury(II) sails also act as catalysts in the hydration of alkynes (acety¬ 
lenes). The production of ethanal (acetaldehyde) from ethyne (acetylene) 

is commercially important. 

CH =CH ^ CH 2 —CHOH ^ C H,-CHO 


BIOLOGICAL ROLE OF ZINC 

Zn has an important biological role in the enzyme systems of animals and 
Plants. Humans contain about 2g of Zn. Th.s «the second largest amount 
of a transition metal after Fe. 4g. Utere are about 20 enzymes contauung 
Zn. and some of the best known are as follows: 
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1 Carbonic anhydrase, which is present in red blood cells, is involved in 
respiration. It speeds up the absorption of C0 2 bv red blood cells in 
muscles and other tissues, and the reverse reaction involving the release 
of CO : in the lungs. At the same time it regulates the pH. 

C0 2 + OH ^ HCOf 

2. Carboxypeptidase, which is present in the pancreatic juice, is involved 
in the digestion of proteins by animals, and protein metabolism in plants 
and animals. The enzyme catalyses the hydrolysis of the terminal 
peptide (amide) link at the carboxyl end of the peptide chain. The 
enzyme is selective. It works only when the group R in the terminal 
amino acid is aromatic or a branched aliphatic chain, and has the L 
configuration. 

R" O R' O R O 

i ii i ii i ii 

-CH-C-NH-CH-C-NH-CH-C—OH + H : Q - 

R" O R' O R O 

I II , I II I || 

CH—C—NH—CH—C—OH + NH 2 —CH—C—OH 

3. Alkaline phosphatase (energy release). 

4. Dehydrogenases and aldolases (sugar metabolism). 

5. Alcohol dehydrogenase (metabolism of alcohol). 


IUAIU IY OF CADMIUM AND MERCURY 
h is sirange that Zn is an essential element for life, but that the other tv 

ssszswx ,o,k r - 

flue paspc *■ meiters, as Cd may escape as dust wi 

nue gases. I he manufacture of Ni/CH hatteriac u j 

Sweden and Japan. There is also mnn ° M [ has caused problems 

smoke. If Cd is ingested it are. i*™ ^ the amount of Cd ,n cigaret 

function of the kidneys and also "places Zn 'm kid " eyS ' “ mi 

venting them from working. P Z me enz y mes - *hus pr 

lung damage ™d brain X damage ,f In nh the < | h*" giddiness ' ,rem01 
covered with oil or toluene i r C ,aborator y. mercury should I 
of sulphur, forming HgS ^ a ^ CS S ^ 0ldd treated with flowe 

Inorganic compounds such as Hon u 
poisonous if eaten. Mercury is a r„™ 8 i 2 ' Hg2Cl2 and H S° are al 
Sb). Because they have no biologicaTS'? ( ' ike Cd ' Sn - Pb 31 

excreting them from the body H k u- 00 ’ lherc ,S no mechanism f 
containing thiol groups. 8 mmbits enzymes, particularly tho 

These inorganic mercury comrvu.u 
growth of slime moulds in wood ni S have been used for contro,, ' n g 11 
also used in antifouling Dainu 3nd paper ma ^mg factories. They a 

8 Paints for boats, as a fungicide for treating see 


toxicity of cadmium and mercur y 

and plants end for treating a plant disease called clubroot in brassicas 
More recently organomercury cornnn.mHc c . „k J ' , Drass,cas 
Hg(Me ) 2 and MeHgX have been ,wpHf d h 3S dime,h y | mercury 

fungi. Alkyl mercury compounds such as^imeThT a8a ' nSt aUack by 
toxic than inorganic mercury compounds A / mercur y are ^ uch more 
even more dangerous. They eausp K • j fy mercur y compounds are 

vision, deafness, madness and death™'" amage 8 ' Vi " 8 numbness ’ loss of 

There have been several alarming; • • 

g ncidents involving mercury poisoning. 

1. In the early 1900s mercurvsaitc 

The dust affected the central Were USed * n l ^ e P roduction of felt hats. 

of muscles called hatter’s shak«° of workers - causing tremor 

hatter’! akes ’ Th,s led •<> the expression ‘mad as a 

2 . More recently 52 people dieH \yr 

eating fish contaminated by mercury Th^H (Japan) 1952 thr0Ugh 
factory using Hg n salts to m a i y u The came from losses from a 

dehyde) Jm '.hyt ( ic.“LtT '•MS' 10 " » f 
organomercurial compound ^ MeHaSM. k 2 was . converled to an 

mud on the sea bed. This is ™ ^ ^ anaerob,c bacteria in the 

taken up by plankton which nCentrated in the food chain. First it is 

which in turn is eaten by man^Ther^ fiSh ’ and ° ,her seafood ’ 
poisoning in Japan in I 960 a e were outbreaks of mercury 
contaminated shellfish. ° ag3m m 1965 ar,sin g through eating 

to pte.TnTfunga^attaclove ' rea ' ed ” ilh an or 8 anom «rcurial compound 

deaths. There have also he £ ain 10 This resulted in many 
used as antifungicides in papermnis'n Swedem" '°“ ° f SaltS 

•norganicTmercurv ^ " 0W be,,er und ^stood. Though 

alkyl and aryl mercurv poison ° us - * he V are nothing like as toxic as 
mercury compounds mus 

-Mmcd b, bacteria pres.n, in'drS^ Hi to’Z.'Sg. «£?„£ 

times and a |L C ° nCenl h" C lhe smaM amounts preseni by a factor of 2-10 
HgMe-i and'^Ho "m * by somelhin 8 else a "d concentrated again 
because thev h 8- 6 ^ b °‘ h Very S ' ab,e and persist for a long time 

beinemai ? h3Ve 3 Str ° ng Hg ~ C b ° nd ’ Considera ble efforts are now 
effluent The° PrCVent tbe dischar 8 e of mercury compounds with industrial 

monomer iLT" 1 ,! 5 ' 0 C ° me fr ° m ace,aldeh y de a "d vinyl chloride 
from .k P ts where mercury compounds are used as a catalyst and 

!££ P'oduction of NaOH and Cl, where i, i, S ,s"2 

’ ,a eeen ' P roblem is from the widespread use of mercury to 

when , h e ° d ,'. n BraZI ' R,Ver Wa,er and silt are P assed over mercury 
merc.nTk 60 d dlssolves ,n ,hc mercury, forming an amalgam. Losses of 
y nave poisoned considerable stretches of the Amazon river. 
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PROBLEMS (CHAPTERS 19-28) 

1. Explain why La 2 0 3 is not reduced by Al. 

2. Explain why TiO z is white but TiCl 3 is violet. 

3. Draw the structure of rutile. What is the coordination number of the 
ions and what is the radius ratio? 

4. Describe how Ti metal is obtained,.and explain why it has been called 
the wonder metal. 


5. 

6 . 
7. 


Describe the uses of titanium compounds in paint, in the polymeriza¬ 
tion of ethene and in the fixation of dinitrogen. 


Explain why the physical and chemical properties of Zr and Hf 
compounds are much more similar than the properties of Ti and Zr. 

Descnhe what happens when the pH of a solution containing [V0 4 1 3 ' 
ions is gradually reduced. 




vanadate is heated with oxalic acid solution, 

<nl..t^n -n ! Z , 1S f °. rmed A sam P le of (Z) was titrated with KNnC 
„ , in ° ac * ' c s °l u !ion. The resulting liquid was reduced wi 

KMnO C CXCeSS 2 an d the liquid again titrated wi 

s v °* umes °f KMn0 4 used in the two titrations w 

Lmno Can y0U makc riding the nature 
vanJ!r /. w\ ox ^^ 2es oxidation states of vanadiiftn 

lum (+V). S0 2 reduces vanadium (+V) to vanadium (+IV). 
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9 . Give equations to show the reactions between CrO, Cr 2 0 3 and CrO 
with aqueous acids and alkalis. 3 

10. Describe the structures of chromium(II) acetate and copper(II) 

acetate, and comment on any unusual features they have V ' 

11. How may the last traces of dioxygen be removed from dinitrogen? 

12. Manganese has been described as ‘the most versatile element’ Explain 

this, and show the similarities and differences between the chemistry 
of manganese and rhenium. y 


13. Explain why [Mn(OH) 6 ] 2 + is pale pink, Mn0 2 is black and Mn07 is 

intensely coloured purple. 4 

14. Explain why a green solution of potassium manganate(VI) K,MnO 

turns purple and a brown solid is precipitated when carbon dioxides 
bubbled into the solution. ,uc is 


15. Draw the crystal structure of Re0 3 , and 
structure. 


compare it with the perovskite 


16. Why do metals such as iron corrode, and how may this be prevented? 

17. Describe how iron is extracted from its ores, and how it is converted 


18. What are pig iron, wrought iron, mild steel, high carbon steel and 
stainless steel? 

19. Predict the electronic arrangement on the metal from crystal field 
splitting and the nature of the ligands in the following complexes- 
(a) [Fe(H 2 0) 6 ] 2 *, (b) (Fe(CN) 6 ]<- and (c) [Fe(CN) 6 ] 3 -. How many 
unpaired electrons are there in each complex, and what would you 
expect their magnetic moments to be? 

20. Iron pentacarbonyl has a trigonal bipyramidal structure, yet the 13 C 
nmr spectrum of Fe( 13 CO) 5 shows only a single peak even when the 
sample is held at low temperatures. Two peaks would be expected for 
a trigonal bipyramidal molecule. (The 13 C nucleus has a spin of J and 
behaves in much the same way as a proton in nmr.) Explain the 
unusual spectrum. 

21. Compare and contrast the structures of haem, vitamin Bi 2 and 
chlorophyll. 

22. Outline the essential features involved in the binding of 0 2 to the 
myoglobin molecule. 

23. Write a critical account of the various ways in which the nine elements 
in the iron, cobalt and nickel groups have been grouped together for 
comparison purposes. 

24. Draw and name the possible isomers of the following complexes: (a) 
(Co(en),| 3+ . (b) [Co(en) 2 (SCN) 2 ] + 


■p-T'nr,, 


- r\r P* 
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GROUP 12 - THE ZINC GROUP 


25. A monomeric complex of cobalt gave the following results on analysis- 

Co NH 3 Cl“ SO i~ 

% 21.24 24.77 12.81 34.65 

The compound is diamagnetic, and contains no other groups or 
elements, except water might be present. 

Calculate the empirical formula of the compound, give the structural 
formulae of all possible isomers, and suggest methods to distinguish 
between the isomers. 6 n 

26. Give examples of metal clusters in transition metal ions. 

27. Draw the structures of six different carbonyl complexes. 

28. Discuss the origin of square planar complexes formed by Nifin a „H 

explain what other shapes may be formed. y * ’ d 

29. Suggest reasons why the noble metals are relatively unreactive. 

30. Give examples of compounds containing metal-metal bonds 

31. Co„p.„ cktmislry tUmm ^ ^ ^ 

a ss zn d cd r ««. - »<•* 2. 

10 t * havc •! lypiMl transitiorTekn^.nis? " W °“ W ' ,p “ 

the ions and whaTis ^he"radiuTratb ? 31 “ ^ COOrdination number of 
34 Explain how Zn is sacrificed in the extraction of Cd. 

add^d^n Whi,e precipi,ate *hen 

aqueous solution of ammonia contain, »’ ‘ n0t When added ,0 an 

*■ is cadmium used for ho “ Ch ‘° ride - 

Problems of cadmium poisoning in'*,hi Pr ° dUCed - and wh y are ‘here 

List the main ways in Thich V,Cm “ y ° f ^ Sme, ‘ e * ? 

Jhc environment. Comment ™n e [hrL C ° mpOUnds are discharged into 
mercury compounds. toxicity of inorganic and organo- 

38. Give an account of H' 

h«K w h> , s , ht , i0 „ 

39. What evidence k .h PP ' S Wr,t,en Cu * ? 

Hg> ? «*** that the mercury(,) ion is Hg - rather , han 

40 ' ^ en mercu ry is oxidized with a . • 

e*r»« an ! XCess of L* 8 ) then Hb 1 ' milcd am °unt of oxidizing agent 

this S ° ° Xldl2ln 8 agent then He l,P ° UndS are formed - If there is an 

8 compounds are formed. Explain 
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INTRODUCTION 

^ 4 ^ m h e v nt t S h a fi„ Called the lanlhan °ns, or lanthanides. They are 
characterized by the filling up of the antepenultimate 4/energy levels 

TTey are extremely similar to each other in properties, and until ?907 they 

* rtK h TV ^ t0 ^ 3 SinB ' e e,ement - In the Past they were called the rare 
earths. This name is not appropriate because many of the elements are not 

particu arly rare. Furthermore, the name is not precise since in addition to 

the 14 lanthanides it has been used to include La, or Sc, Y and La which 

are d-block elements, and sometimes Th (an actinide) and Zr (another 
d- block element). 


ELECTRONIC STRUCTURE 

The electronic structures of the lanthanide metals are shown in Table 29.1. 
Lanthanum (the tf-block element preceding this series) has the electronic 
structure: xenon core 5d l 6 s 2 . It might be expected that the 14 elements 
from cerium to lutetium would be formed by adding 1,2,3,. . .14 electrons 
into the 4/level. However, it is energetically favourable to move the single 
Sd electron into the 4/ level in most of the elements, but not in the cases of 
Ce, Gd and Lu. The reason why Gd has a 5 d x arrangement is that this 
leaves a half filled 4/level, which gives increased stability. Lu has a 5 d { 
arrangement because the / shell is already full. The lanthanides are 
characterized by the uniform ( + 111) oxidation state shown by all the 
tnetals. They typically form compounds which are ionic and trivalent. The 
electronic structures of the ions are Ce 3 */ 1 , Pr 3 */ 2 * Nd 3 */ 3 ,.. . Lu 3 */ 14 . 

The 4/ electrons in the antepenultimate shell are very effectively 
shielded from their chemical environment outside the atom by the 55 and 
electrons. Consequently the 4/ electrons do not take part in bonding. 
They are neither removed to produce ions nor do they take any significant 
Part in crystal field stabilization of complexes. Crystal field stabilization is 
v ory important with the {/-block elements. The octahedral splitting of / 
orbitals Ao is only about lkJmol' 1 . Whether the/orbitals are filled or 
Cm pty has little effect on the normal chemical properties. However, it does 
affect their spectra and their magnetic properties. 
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Table 29.1 Electronic structures and oxidation states 


Element 


Electronic 
structure 
of atoms 

Electronic 
structure 
of M'* 

Oxidation 

states* 

Lanthanum 

La 

[Xe| 5 d' 

fir 2 

(Xe ) 

-bill 

Cerium 

Ce 

|Xe| if' id' 

fir 2 

[Xe] if' 

+ III +IV 

Praseodymium 

Pr 

[Xe| 4/ 

6s 2 

(Xe] 4/ 2 

-bill ( + IV) 

Neodymium 

Nd 

|Xe] 4/ 

6r 2 

[Xel 4 f' 

( + ll) +HI 

Promethium 

Pm 

|Xe] 4 r 

fir 2 

(Xe) 4/ 4 

(+11) +HI 

Samarium 

Sm 

[Xel 4 f 

fir 2 

(Xel 4 f' 

(+ll) +ni 

Europium 

Eu 

(Xe) 4 / 

fir 

[Xel 4/* 

+ 11 +III 

Gadolinium 

Gd 

(Xej 4/ 7 5 d' 

fir 2 

(Xel 4/ 7 

-hill 

Terbium 

Tb 

(Xel 4 r 

fir 2 

[Xe] 4/» 

-bin (+iv) 

Dysprosium 

Dy 

(Xe) 4/'" 

fir 2 

|Xe| 4 f" 

-bill ( + IV) 

Holmium 

Ho 

IXej 4/" 

fir 2 

[Xej 4/"’ 

hin 

Erbium 

Er 

(Xej 4/ 12 

fir 2 

|Xej if" 

hin 

Thulium 

Tm 

(Xe) 4/ 14 

fir 2 

(Xe) 4/ 12 

(hii) hiii 

Ytterbium 

Yb 

(Xel 4/ IJ 

fir 2 

(Xe) 4/ n 

hii -hiii 

Lutetium 

Lu 

(Xej 4/ 4 id' 

fir 2 

|Xe| if" 

hin 


* The most important oxidation states (generally the most abundant and stable) are 
shown in bold. Other well-characterized but less important states are shown 

in normal type. Oxidation states that are unstable, or in doubt, are given in 
parentheses. 


OXIDATION STATES 

The sum of the first three ionization energies for each element are given in 
Table 29.2. The values are low. Thus the oxidation state ( + III) is ionic and 
Ln * dominates the chemistry of these elements. The Ln 2 * and Ln 4 * ions 
that do occur are always less stable than Ln 4 *. (In this chapter the symbol 
Ln is used to denote any of the lanthanides.) In just the same way as for 
other elements, the higher oxidation states occur in the fluorides and 
oxides, and the lower oxidation states occur in the other halides, par¬ 
ticularly bromides and iodides. Oxidation numbers ( + 11) and ( +IV) do 
occur, particularly when they lead to: 

1. a noble gas configuration, e.g. Ce 4 * (/°) 

2. a half filled/shell, e g. Eu 2+ and Tb 4+ (/ 7 ) 

3. a completely filled /level, e.g. Yb 2 * (/ ,4 ) 

In addition ( + 10 and ( + IV) states exist for elements that are close to these 

Sm ,, and T m ’ oc cur with / h and/" arrangements and Pr 4 * 
ave/ and / arrangements. The ( + 111) state is always the most 
common and the most stable. The only ( + IV) and ( + 11) states which have 
any aqueous chemistry are Ce 4 *, Sm 2 *. Eu 2 * and Yb 2 *. 

e anthanide elements resemble each other much more closely than do 

a # - 0riZ0l ?^ a row lrans ition elements. This is because the lanthanides 
effectively have only one stable oxidation state, (-bill). Thus in this series 
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..ABUNDANCE AND NUMBER 


OF ISOTOPES 


Table 29.2 Ionization energies 


Lanthanum La 

Cerium Ce 

Praseodymium Pr 

Neodymium Nd 

Promethium Pm 

Samarium Sm 

Europium Eu 

Gadolinium Gd 

Terbium Tb 

Dysprosium Dy 

Holmium Ho 

Erbium Er 

Thulium Tm 

Ytterbium Yb 

Lutetium Lu 

Radii are for six-coordination. 


an d standard elecfmH- 
■- - pote ntials 

Sum of first three 
ionization energies i J. , . 

(kJmor') S L " IV 

- } (volts) 



3493 

3512 

3623 

3705 

3898 

4033 

3744 

3792 

3898 

3937 

3908 

4038 

4197 

3898 


- 2.52 

- 2.48 

- 2.46 

- 2.43 

- 2.42 

- 2.41 

- 2.41 

- 2.40 

- 2.39 

- 2.35 

- 2.32 

- 2.30 

- 2.28 

- 2.27 

- 2.26 


Radius 

Ln 3+ 

(A) 

1.032 

1.020 

0.99 

0.983 

0.97 

0.958 

0.947 

0.938 

0.923 

0.912 

0.901 

0.890 

0.880 

0.868 

0.861 


it is possible to compare the effects of small changes in size and nuclear 
charge on the chemistry of these elements. 

ABUNDANCE AND NUMBER OF ISOTOPES 

The lanthanide elements are not particularly rare. Cerium is about as 
abundant as copper. Apart from promethium, which does not occur in 
nature, all the elements are more abundant than iodine. 

The abundance of the elements and the number of naturally occurring 
isotopes vary regularly (Table 29.3). Elements with an even atomic 
number (i.e. an even number of protons in the nucleus) are more abundant 
than their neighbours with odd atomic numbers (Harkins rule). Elements 
with even atomic numbers also have more stable isotopes. Elements with 
odd atomic numbers never have more than two stable isotopes. Through- 
out the periodic table the stability of a nucleus is related to both the 
number of neutrons and the number of protons in the nucleus (Table 29.4) 
Element 61. promethium, does not occur natural y. It was first made and 
studied at Oak Ridge in Tennessee. USA. in 1946. Its absence may be 
explained by Mattauch s rule. This states .ha, if ^"JnTof 

secutive atomic numbera eac^^ 62 have seven isotopes 

eachMherc* are not Inan^Mable mass numbers available for promethtum. 

element 61 (Table 29.5). nrome ,hium is to have a stable isotope. 

According to Mattauch s rule. P 142-1 At). The only isotopes 

» mu., have a - num^r ou...dc ^ 
of Pm which have been m tide S( ( onimiit d ou'rleul 
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THE LANTHANIDE SERIES 


Table 29.3 Abundance of the elements in the earth s crust, hy weight and number 


of natural isotopes 


Atomic 

number 

Element 

Abundance 

(ppm) 

in earth s crust 

Relative 

abundance 

Naturally 

occurring 

isotopes 

58 

Ce 

66 

26 

4 

59 

Pr 

9.1 

37 

1 

60 

Nd 

40 

27 

7 

61 

Pm 

0 


0 

62 

Sm 

7 

40 

7 

63 

Eu 

2.1 

49 = 

2 

64 

Gd 

6.1 

41 

7 

65 

Tb 

1.2 

56 = 

1 

66 

Dy 

4.5 

42 

7 

67 

Ho 

1.3 

55 

1 

68 

Er 

3.5 

43 

6 

69 

Tm 

0.5 

61 

1 

70 

Yb 

3.1 

44 

7 

71 

Lu 

0.8 

59 

2 

Table 29.4 Numbers of stable nuclei with odd and even numbers of 

neutrons and odd and even atomic number 


Atomic number 

Number of neutrons Stable nuclei 

Even 

Even 

164 

Even 

Odd 

55 

Odd 

Even 

50 

Odd 

Odd 


4 


Table 29.5 



EXTRACTION AND USES 


° f ra ^, eanh minerals was «<><**> tonnes in 1992. 
containing 47 9(H) tonnes of lanthanide oxides Ln.O, The main sources of 

»“* <** ch„ 20%. 


Monazite sand is the most important and most widespread mineral. It 
accounts for 78 /o of the rare earths mined. Before 1960 monazite was 
e on y source o lanthanides. It is a mixture containing mostly La 
phosphate ^nd tnvalem phosphates of the lighter lanthanide elements 
v Le, Pr and Nd). In addition it contains smaller amounts of Y and the 
heavier lanthanides, and thorium phosphate. Th is weakly radioactive. 
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EXTRACTION AND USES 


l 

i 

l 


I 


and traces of its daughter product Ra are also present, and are more 

radioactive. 

2 . Bastnaesite is a mixed fluorocarbonate M m CO,F where M is La or the 
lanthanides. Large amounts are mined in the USA. and it provides 22% 
of the total supply of lanthanides. It is only found in the USA and 
Madagascar. 

3 . Very small amounts of another mineral, xenotime, are also mined. 

Monazite is treated with hot concentrated H 2 S0 4 . Th, La and the lan¬ 
thanides dissolve as sulphates, and are separated from insoluble material. 
Th is precipitated as Th0 2 by partial neutralization with NH 4 OH. Na 2 S0 4 
is used to salt out La and the light lanthanides as sulphates, leaving the 
heavy lanthanides in solution. The light lanthanides are oxidized with 
bleaching powder Ca(OCl) 2 . Ce 3+ is oxidized to Ce 4 * which is precipitated 
as Ce(I0 3 ) 4 and removed. La 3 * may be removed by solvent extraction 
with tri-n-butylphosphate. The individual elements can be obtained by ion 
exchange if required. The treatment of bastnaesite is slightly simpler as it 
does not contain Th. 

Once the different lanthanide elements have been separated completely 
or partially, the metal may be obtained as follows: 


1 . By electrolysis of the fused LnCL. with NaCI or CaCI 2 added to lower 
the melting point. 

2. La and the lighter metals Ce to Eu are obtained by reducing anhydrous 
LnCL with Ca at 1000 - 1100 °C in an argon-filled vessel. The heavier 
elements have higher melting points and so require a temperature of 
1400°C. At this temperature CaCI 2 boils, so LnF 3 are used instead, and 
in some cases Li is used instead of Ca. 


About 5000 tonnes of La and 130(H) tonnes of the lanthanides are 
produced annuallv. The metals are of little use on their own. The main use 
is for an unseparated mixture of La and the lanthanides called Mischmetal 
(50% Ce, 40% La, 7% Fe, 3% other metals). This is added to steel to 
improve its strength and workability. It is also used in Mg alloys. Misch¬ 
metal is also used in small amounts as ‘lighter flints . La 2 0 3 is used in 
Crooke s lenses, which give protection from UV light by absorbing it. 
Ce 0 2 is used to polish glass and as a coating in self-cleaning ovens. 
Ce lv (S0 4 ) 2 is used as an oxidizing agent in volumetric analysis. Gas 
mantles are treated with a mixture of 1 % Ce0 2 and 99 /o 2 to increase 
the amount of light emitted bv coal gas flames. Other lanthanide oxides are 
used as phosphors in colour TV lubes. Didymium ox.de (a m.x.ure o 
praseodymium and neodymium oxides) is used w.th CuCI 2 as the catalyst 
in .he new Deacon process ,o make CU from HCI. Nd.O, .s used, so yed 
>n SeOCI, as a liquid laser. (Selenium oxochlor.de .s used as the sol e 

•mohea,") Lan.hanide SersTre^enHn warm 
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THE LANTHANIDE SERIES _ _ | 

SEPARATION OF THE LANTHANIDE ELEMENTS 

The properties of metal ions are determined by their size and charge. The 
lanthanides are all typically trivalent and are almost identical in size, and 
so their chemical properties are almost identical. The separation of one 
lanthanide from another is an exceedingly difficult task, almost as difficult 
as the separation of isotopes of one element. The classical methods of 
separation exploit slight differences in basic properties, stability or 
solubility. These are outlined below. However, in recent years the only 
methods used are ion exchange and valency change. 

Precipitation 

With a limited amount of precipitating agent the substance with the lowest 
solubility is precipitated most rapidly and most completely. Suppose 
hydroxyl ions are added to a solution containing a mixture of Ln(N0 3 ) 3 . 
The weakest base Lu(OH) 3 is precipitated first, and the strongest base 
La(OH) 3 is precipitated last. The precipitate contains more of the elements 
at the right of the series. Thus the solution contains more of the elements at 
the left of the series. The precipitate can be filtered off. Only partial 
separation is effected, but the precipitate can be redissolved in HN0 3 and 
the process repeated to obtain greater purity. 

Thermal reaction 

If a mixture of Ln(N0 3 ) 3 is fused, a temperature will be reached when the 
least basic nitrate changes to the oxide. The mixture is leached with water. 
The nitrates dissolve and can be filtered off, leaving the insoluble oxides. 
The oxides are dissolved in HN0 3 and the process repeated. 

Fractional crystallization 

This can be used to separate lanthanide salts. The solubility decreases from 
La to Lu. Thus salts at the Lu end of the series will crystallize out first. 
Nitrates, sulphates, bromates, perchlorates and oxalates have all been used 
as also have double salts such as Ln(N0 3 ) 3 • 3Mg(N0 3 ) 2 • 24H 2 0 because 
they crystallize well. The process needs repeating many times to obtain 
good separations. Non-aqueous solvents such as diethyl ether have been 
used to separate Nd(N0 3 ) 3 and Pr(N0 3 ) 3 . 

Complex formation 

A mixture of lanthanide ions is treated with a complexing agent such as 
EDTA (ethylenediaminetetraacetic acid). All the ions form complexes. 
Those ions at the right hand side of the lanthanide series such as Lu w form 
the strongest complexes as they have the smallest ions. Oxalates of the 
lanthanides are insoluble. However, addition of oxalate ions to this 

solution does not give a precipitate since the Ln w ions are all complexed 
with EDTA. ' 


r _SEPARA TION OF THE LANTHAN IDE ELEMENTS 

HOOC—CH ; CH.—COOH 

\ / 

N—CH>—CH-,—N 

/ \ 

HOOC—CH 2 CH 2 —COOH 

figure 29.1 EDTA. 

If some acid is added to the solution, the least stable EDTA complexes are 
dissociated. This releases ions at the left hand side of the series Ce 3 *, Pr 3 *, 
Nd 3 * which are immediately precipitated as the oxalates. These are filtered 
off. Separation is not complete, so the oxalates are redissolved and the 
process repeated many times. 

Solvent extraction 

The heavier Ln 3 * ions are more soluble in tri-n-butylphosphate than are 
the lighter Ln 3 * ions. Their solubilities in water and ionic solvents, 
however, are reversed. The ratios of the partition coefficients of La(N0 3 ) 3 
and Gd(N0 3 ) 3 between a solution of the metal ions in strong HN0 3 and 
tri-n-butylphosphate is 1:1.06. This difference is quite small, but by using 
a continuous counter-current apparatus a very large number of partitions 
can be performed automatically. This is much less tedious than performing 
10000 or 20000 crystallizations. Kilogram quantities of 95% pure Gd have 
been obtained by this method. The technique was originally developed in 
the early days of atomic energy to separate and identify the lanthanide 
elements produced by fission of uranium. 

Valency change 

A few lanthanides have oxidation states of ( + IV) oi ( + 11). The properties 
of Ln 4 * or Ln 2 * are so different from those of Ln 3 * that separation is fairly 

Cerium can be separated from lanthanide mixtures quite easily as it is 
the only lanthanide which has Ln 4+ ions stable in ution. 

Oxidizing a solution containing a mixture of Ln * ions with NaOCI under 
alkaline conditions produces Ce' 1 *. Because of the higher^ arge, e ^ is 
much smaller and less basic than Ce 3 * or any other Ln . The Ce is 
separated by carefully controlled precipitation o e 2 or 1 

leaving the trivalent ions in solution. 3 + , . 

Alternatively Ce<* can readily be extracted from ol erU »l « 
by solvent extraction in HNO, solution using tributyl phosphate. Ni y 

taming 40% Ce. 2 + , d jff eren t from those of 

In a similar way the P ro P er /f s o /_ E enlb | es tbe Group 2 sulphates and 
Ln . Europium sulphate Eu SO, . .. , f a joimjon of Ln 3 * ions 

b reduced electrolytically using ^ present EuSO, will be 

amalgam, then Eu 3 * will be produced. If H.SO, pre 
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precipitated. This can be filtered off. (Sm 2+ and Yb 2 + may also be 
produced in the same way, but these are oxidized slowly by water.) 

Valency change is still a useful method for purifying Ce and Eu despite 
the advent in recent years of ion exchange. 

Ion excnange 

This is the most important, the most rapid and most effective general 
method for the separation and purification of the lanthanides. A solution 
of lanthanide ions is run down a column of synthetic ion-exchange resin 
such as Dowex-50. This is a sulphonated polystyrene and contains the 
functional groups —S0 3 H. The Ln w ions are absorbed onto the resin and 
replace the hydrogen atom on —S0 3 H. 


Ln (aq) + 3H(resin) (s) ^ Ln(resin) 3(s) + 3H ( * q) 

The H + ions produced are washed through the column. Then the metal 
ions are eluted, that is are washed off the column in a selective manner. 
The eluting agent is a complexing agent, for example a buffered solution of 
citric acid/ammonium citrate, or a dilute solution of (NH 4 ) 3 (H • EDTA) 
at pH 8 . Consider the citrate case. An equilibrium is set up: 

Ln(resin ) 3 4- 3H + + (citrate) 3 ' ^ 3H(resin) + Ln(citrate) 

As the citrate solution flows down the column. Ln w ions are removed 
rom the resin and form the citrate complex. A little lower down the 
column the Ln ions go back onto the resin. As the citrate solution runs 

and the i.TJrV^ me ' a ' ^ ^ com P lexes alternately with the resin 

the column h T V 1,meS ' ThC meta ‘ i0n ^dually travels down 

the column, and eventually passes out of the bottom of the column as the 

comlxesT th ,h r aller la " ,hanide ions such as Lu" form stronger 
smTl£ and heavtr 3 ' han d ° the larger ions like La 3 *. Thus the 

column and are h T ' ime in Solu,ion - and less ,ime the 

presem’seoarrne H'i ? f T' he C °' Umn first ' The different ">e.al ions 

the bands m v Ketn t W P3SS d ° Wn the Colum " The P^essof 

solution leaving the column iscolleaedbvme^ “T"' flu0rescence - The 

collector in separate containers Bv thk ^ u ° f an au,oma ' ,c fr a c,l0n 
be separated The m^tui ^ ^ ,s mea ns the individual dements can 

then heated to give the oxid^. * preC 'P ,ta,ed as insoluble oxalates, and 

tioni te o?3y°S^IiSS“ LT'STepirabon '" 8 ^T* 


CHEMICAL. PROPERTIES OF ( + |„) COMPOUNDS 

The metals are all soft and silverv n. . . 

therefore thev are very reactive The he ^ 1 ™ elcc,ro P° sl,,ve and 

the lighter ones because they for^-H ? ? k ' SS reaC, ' Ve 

• l ( rm a layer o| oxide on the surface. The 
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chemical properties of the group are essentially the properties of trivalent 
• n jc compounds. ^ 

' The sum of the first three ionization energies varies with minima at La , 

c .w an d Lu' + which are associated with attaining an empty, half full or 
full/ s ^ell• Maxima occur at Eu w and Yb w associated with breaking a half 

full or full shell. 

The standard reduction potentials ( E°) are all high (Table 29.2). They 
vary in a regular way over a small range from -2.48 to -2.26 volts, 

depending on the size of the ions. q . 

The lanthanides are all much more reactive than is A1 ( E° - -1 66 volts) 
and are slightly more reactive than Mg (E° = -2.37 volts). Thus they react 
slowly with cold water, but more rapidly on heating. 

2Ln + 6ELO —> 2Ln(OH) 3 + 3H 2 


] I 867 ] 


The hydroxides Ln(OH) 3 are precipitated as gelatinous precipitates by the 
i addition of NH 4 OH to aqueous solutions. These hydroxides are ionic and 

3 basic. They are less basic than Ca(OH) 2 but more basic than Al(OH) 3 

? which is amphoteric. The metals, oxides and hydroxides all dissolve in 

' dilute acids, forming salts. Ln(OH) 3 are sufficiently basic to absorb C0 2 

from the air and form carbonates. The basicity decreases as the ionic radius 
decreases from Ce to Lu. Thus Ce(OH) 3 is the most basic, and Lu(OH) 3 , 
which is the least basic, is intermediate between scandium and yttrium in 
i basic strength. The decrease in basic properties is illustrated by the 

hydroxides of the later elements dissolving in hot concentrated NaOH, 

i forming complexes. 

Yb(OH) 3 + 3NaOH -* 3Na + + [Yb(OH) 6 ] 3_ 

Lu(OH), + 3NaOH — 3Na + + [Lu(OH) 6 ] 3 “ 

! The metals tarnish readily in air, and on heating in 0 2 they all give 

i oxides Ln : 0 3 . Yb and Lu form a protective oxide film, which prevents the 

: bulk of the metal forming the oxide unless it is heated to 1000°C. The one 

exception is Ce which forms Ce ,v 0 2 rather than Ce 2 0 3 . The oxides are 
ionic and basic. Basic strength decreases as the ions get smaller. 

The metals react with H 2 , but often require heating up to 300-400 C to 
start the reaction. The products are solids of formula LnH 2 . Eu an 
both have a tendency to form divalent compounds and EuH 2 an 2 are 
salt-like hvdrides and contain M : * and two H The others all form 
hydrides LnEL which are black, metallic and conduct electricity. These are 
better formulated as Ln'\ 2H" and an electron which occupies a 
conduction band. In addition Yb forms a nonstoich.ometnc compound 
approximating to YbH : «. The hydrides arc remarkably stable to heat, 
often up to 9(X)°C. They are decomposed by water, and react with oxygen. 

CeH : + 2H : 0 — CeO : .+ 2H : 


These ‘dihydrides’ take up H if heated under pressure, and all except Eu 
form salt-like hydrides LnH* made up of Ln and three H . These do not 
have a delocalized electron, and do not show metallic conduction. 


oocii ii icu uy 
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The anhydrous halides MX 3 can be made by heating the metal and 
halogen, or by heating the oxide with the appropriate ammonium halide 

Ln 2 0, + 6NH4CI 2LnCI, + 6NH, + 3H.O 


The fluorides are very insoluble, and can be precipitated from solutions 
of Ln 3+ by addition of Na*F” or HF. This is used as a test for the 
lanthanides in qualitative analysis. However, with excess F~, the smaller 
lanthanide ions may form soluble complexes [LnF(H 2 0)„]~*. The chlorides 
are deliquescent and soluble, and crystallize with six or seven molecules of 
water of crystallization. If the hydrated halides are heated, they form 
oxohalides instead of dehydrating to anhydrous halides. 


LnCl 3 -6H 2 0-^ LnOCI 4 5H : 0 4 - 2HCI 

Heating CeX 3 (H 2 0)„ results in Ce0 2 . The bromides and iodides are 
similar to the chlorides. 

At elevated temperatures, the lanthanides react with B, giving LnB 4 and 
LnB 6 . 

On arc-melting the metals with C in an inert atmosphere they form 
carbides of stoichiometry LnC 2 and Ln 4 (C 2 ) 3 . The carbides can also be 
made by reducing Ln 2 0, with C in an electric furnace. LnC 2 are more 
reactive than CaC 2 . They react with water, giving ethyne and also some 
hydrogen, C 2 H 4 and C 2 H„. They also show metallic conductivity. They do 
not contain Ln( + II) and are best described as acetylides of Ln 3 " and C?" 
with the extra electron in a conduction band. 2 

2LnC 2 4 6H 2 0 — 2Ln(OH), 4 2C : H : 4 H, 


^12 ' r, 2 * ^:H 4 -- C 2 H h 

At elevated temperatures the metals also react with N P As SbandB 

e ..,.g LnN *. The U„„ » h,d ro „«d b V i„ , «£££ TaiS 

LnN 4 3H 2 0 Ln(OH)* 4 NH, 

3re knOWn ' mdudin 8 carbonate, 

such as perchlorates. p a es and also salts of strongly oxidizing ion 


OXIDATION STATE (41V) 

The only (4]V) lanthanide which exku in c 1 

chemistry is Ce 4 \ It is rare to k , solution and has any aqueous 

on the ion leads to it being heavilv h!n ?"? so,uhon - The hi ? h cha [f 
solutions the hydrated and except in strongly acidic 

H *. Ce( +1V) solutions are widely polvmeric s P ec,es and 

analysis instead of KMnO and K n ^ a " ° X ' dmng agent ,n volunie,nc 

containing Ce 4 * must be washed class,cal anal > s,s bure " eS 

o with acid, since washing with water gives 
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OXIDATION STATE (+11) 


the hydrated ion. Aqueous cerium(IV) solutions can be prepared by 
oxidizing a Ce'* solution with a very strong oxidizing agent such as 
ammonium peroxodisulphate (NH 4 ) 2 S 2 O k . Ce( + IV) is also used in organic 
reactions, for example the oxidation of alcohols, aldehydes and ketones at 
the u-carbon atom. The common compounds are Ce0 2 (white when pure) 
and Cc0 2 (H 2 0)„ (a yellow gelatinous precipitate). Ce0 2 can be ob¬ 
tained by heating the metal, or CefOH), or Ce^oxalate),, in air Ce0 2 
has a fluorite type of structure. It is insoluble in acids and alkalis, but 
dissolves if reduced, giving Ce 3 * solutions. 

Ce + 0 2 Cc0 2 

2Ce(OH) 3 + \0 2 2Ce0 2 + 3H 2 0 

Ce 2 (C 2 0 4 ), + 20, 2Ce0 2 + 6C0 2 

Cc(S0 4 ) 2 (formerly called ceric sulphate) is well known and is yellow 
like K 2 Cr0 4 . CeF 4 is obtained from CeF 3 and F 2 . It is white, and is 
rapidly hydrolysed by water. It has a three-dimensional crystal structure 
with the metal at the centre of a square antiprism. A number of complexes 
are stable, for example ammonium cerium(IV) nitrate (NH 4 ) 2 [Ce(N0 3 ) 6 ]. 
Ihe crystal structure is unusual and contains bidcntate N0 3 groups. The 
Cc atom has a coordination number of 12, and the shape is an icosahedron. 

I his structure is stable even in solution. Two of the N0 3 “ ions may be 
replaced by phosphine ligands Ph 3 PO, giving a neutral 10-coordinate 
complex [Ce v (N0 3 ) 4 (Ph 3 P0) 2 J. 

Ihe other ( + IV) compounds are not stable in water and are known 
n^i ‘ ,s ^ 0xic * es ' fluorides and a few fluoro complexes. Thus PrO ; , PrF 4 . 

tk r ^ 6 I’ TbF 4 , Tb0 2 , DvF 4 and Cs 3 [DyF 7 ] are all known. 

Thc cements Pr, Nd, Tb and Dy also form ( + IV) states. These are 
generally unstable, occur only as solids, and are found as fluorides or 
0 x 1 es which may be nonstoichiometric. 


OXIDATION STATE (+11) 

and + states which have any aqueous chemistry are Sm 2 *", Eu 2 * 

Ihe most stable divalent lanthanide is Eu 2 *. This is stable in water, but 
p C |u?l Ut ' 0n ‘ s stron g!v reducing Eu M S0 4 can be prepared by electrolysing 
u ; (S() 4 ) 3 solutions, when the divalent sulphate is precipitated. Eu n Q 2 
c made as a solid by reducing Eu ,M Cl 3 with H 2 . 

2EuCI 3 + H 2 — 2EuCI 2 + 2HC1 

^ l,UC(, us Eu 3 * solutions can be reduced by Mg, Zn, zinc amalgam or 
cctrolyticaiiy lo give Eu 2 ~. EuH 2 is ionic and similar to CaH 2 . Eu(II) 
rc 'cmb| cs Ca in several ways: 

2 insolubility of the sulphate and carbonate in water. 

•j lc insolubility of the dichlondc in strong HCI. 

,c solubility of the metals in liquid NH 3 . 
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THE LANTHANIDE SERIES 


One major difference between Eu and Ca is that the dihalides EuX 2 have a 
magnetic moment of 7.9 Bohr magnetons corresponding to seven unpaired 
electrons, whereas Ca compounds are diamagnetic. 

The couple Eu 3+ |Eu 2+ . has a standard reduction potential of -0.41 
volts. This is about the same as for Cr 3 *|Cr 2 , and these are both about the 
strongest reducing agents that do not reduce water. 

Yb 2+ and Sm 2 * can be prepared by electrolytic reduction of their 
trivalent ions in aqueous solution. However, the Ln 2+ ions are readily 
oxidized by air. These two elements form hydroxides, carbonates, halides, 
sulphates and phosphates. 

The states Nd(-f-II), Pm( + II), Sm(-Ell) and Gd( + II) are only found in 
solid dihalides LnCl 2 and Lnl 2 . These dihalides can be made by reducing 
the trihalide with hydrogen, with the metal, or with sodium amalgam. The 
dihalides such as Lal 2 and Ndl 2 tend to be nonstoichiometric. They show 
metallic conduction, and are better represented as La 3+ + 21~ + electron. 

A detailed study of the third ionization energy shows the stability of a 
half filled and completely filled shell. The ionization energies also suggest 
that there may also be extra stability associated with a three quarters filled 
shell. 

SOLUBILITY 

Salts of the lanthanides usually contain water of crystallization. Solubility 
depends on the small difference between the lattice energy and the solva¬ 
tion energy, and there is no obvious trend in the group. The solubility of 
many of the salts follows the pattern of Group 2 elements. Thus the 
chlorides and nitrates are soluble in water and the oxalates, carbonates 
and fluorides are almost insoluble. Unlike Group 2, however, the sulphates 
are soluble. Many of the lanthanides form double salts with the corre¬ 
sponding Group 1 or ammonium salts, e.g. Na,S0 4 Ln 2 (S0 4 ), • 8H,0 and 

as these double salts crystallize well, they have been used to sepa'rate the 
lanthanides from one another. 


COLOUR AND SPECTRA 

Many trivalent lanthanide ions are strikingly coloured both in the solid 
oGuina' 'h ^? eous so ^j on -.The colour seems to depend on the number 
colour tlwh^ 6 eC Tn , emen,s w ' l h (") ./ electrons often have a similar 
elements L 7 ' ~ ">/electrons. (See Table 29.6.) However, the 

isoeleetronir^ va enc y states do not all have colours similar to their 
isoelectromc 3+ counterparts (Table 29.7). 

vis^We° reirion^Th*" 31156 a P ar, ' c ular wavelength is absorbed in the 

ouired to nm * wa ' ,e en 8 th absorbed corresponds to the energy re- 

snin lho ^ a " ,r0 " t0 a hi ® her ^ergy level. In the lanthanides 

solctra Of C Tv e ,S m °. re im P° rtant ‘ban crystal field splitting. In the 

All but one ftK IO | n T ' Cr ^ sta * held splitting is of major importance. 
All but one of the lanthanide ions show absorptions in the visible or near- 
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Xibk 29.6 Colour of Ln 3 + ions 

Colour 


La 

Cc 


.u 

3+ 


3 + 


Pr 
Nd 
Pm 
Sm 
Eu 3+ 
Gd 5 * 


3 + 

3 + 

3 + 


Number 
of 4/ 
electrons 


0 

1 

2 

3 

4 

5 

6 
7 


Colourless 

Colourless 

Green 

Lilac 

Pink 

Yellow 

Pale pink 

Colourless 


Lu 3 + 

Yb 3+ 

Tm 3+ 

Er 3 * 

Ho 3 * 

Dy 3 * 

Tb 3 * 

Gd 3+ 


Number 
of 4/ 
electrons 

14 
13 
12 
11 
10 
9 
8 
7 


Colour 


Colourless 
Colourless 
Pale green 
Pink 

Pale yellow 
Yellow 
Pale pink 
Colourless 


871 


Table 29.7 Colours of Ln 4 *, Ln 2 * and their isoelectronic Ln 3 * counterparts 




Electronic configuration 

-|-- 

Isoelectronic M 3 * 

Ce‘ + 

Sm 2 * 

Eu u 

Yb 2+ 

Orange-red 

Blood-red 

Pale greenish yellow 
Yellow 

« f 
</ 

4/ 7 

4/ 14 

La 3 * Colourless 
Eu 3 * Pale pink 
Gd 3 * Colourless 
Lu 3 * Colourless 


UV regions of the spectrum. The exception is Lu 3 * which has a full/shell. 
These colours arise from /-/ transitions. Strictly these transitions are 
Laporte forbidden (since the change in the subsidiary quantum number is 
zero). Thus the colours are pale because they depend on relaxation of the 
rule. The/orbitals are deep inside the atom. Thus they are largely shielded 
from environmental factors such as the nature and number of ligands which 
form the complexes, and from vibration of the ligands. Thus the position of 
the absorption band (i.e. the colour) does not change with different 
ligands. Vibration of the ligands changes the external fields. However, this 
only splits the various spectroscopic states by about 100cm" 1 , so the 
absorption bands are unusually sharp. The lanthanides are used f or wave- 
length calibration of instruments because of their sharp absorption bands. 
For an / electron the subsidiary quantum number l — 3, so mi may have 
values 3, 2, 1, 0, -1, -2, -3. Thus a large number of transitions are 
usually possible. This is in marked contrast to the transition elements 
where d—d spectra give absorption bands whose position changes from 
ligand to ligand, and the width of the peak is greatly broadened because of 
the vibration of the ligands. It is also possible to get transitions from the 4/ 
to the 5 d level. Such transitions give broader peaks and their position is 

affected by the nature of the ligands. 

Absorption spectra of lanthanide ions are useful both for the qualitative 
detection and the quantitative estimation of lanthanides. Lanthanide ele¬ 
ments are sometimes used as biological tracers for drugs in humans and 
animals. This is because lanthanide elements can quite easily be followed 
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in the body by spectroscopy, because their peaks are narrow and very 
characteristic. 

Ce 3 * and Yb 3 are colourless because they do not absorb in the visible 
region. However, they show exceptionally strong absorption in the UV 
region, because of transitions from 4/to 5 d. Absorption is very strong for 
two reasons. Since A/ = 1 this is an allowed transition and so gives stronger 
absorption than forbidden f-f transitions. Furthermore, promotion of 
electrons in these ions is easier than for other ions. The electronic con¬ 
figuration of Ce 3 * is/' and Yb 3 + is/ 8 . Loss of one electron gives the extra 
stability of an empty or half full shell, f-d peaks are broad, in contrast to 
the narrow f-f peaks. 

Charge transfer spectra are possible due to the transfer of an electron 
from the ligand to the metal. This is more probable if the metal is in a high 
oxidation state or the ligand has reducing properties. Charge transfer 
usually produces intense colours. The strong yellow colour of Ce 4 * 
solutions arises from charge transfer rather than f-f spectra. The blood red 
colour of Sm 2 * is also due to charge transfer. 

MAGNETIC PROPERTIES 

La 3 * and Ce 4 * have an f' configuration, and Lu 3 * has an / ,4 configura¬ 
tion. These have no unpaired electrons, and are diamagnetic. All other/ 
states contain unpaired electrons and are therefore paramagnetic. 

The magnetic moment of transition elements may be calculated from the 
equation: 

M(s+/.) = |/4S(S + 1) + L(L + 1) 

P(5+l) is tbe magnetic moment in Bohr magnetons calculated using both 
the spin and orbital momentum contributions. 5 is the resultant spin 
quantum number and L is the resultant orbital momentum quantum 
number. For the first row transition elements, the orbital contribution is 
usually quenched out by interaction with the electric fields of the ligands in 
its environment. Thus as a first approximation the magnetic moment can 
be calculated using the simple spin only formula. (p 5 is the spin only 
magnetic moment in Bohr magnetons. 5 is the resultant spin quantum 
number and n is the number of unpaired electrons.) 

Ms = feS(S~+T) 

Ms = )/n(n + 2) 

This + simple relationship works with La 3 * (/«). and two of the lanthanides 
oo (/ ) and Lu (/ ). 

La 3+ and Lu 3 * have no unpaired electrons, n = 0 and p s = /0(0 + 2) = 0 

Gd has seven unpaired electrons, n = 7 and 
Ms = /H7 + 2) = y63 = 7.9 BM 

11>e other lanthanide ions do not obey this simple relationship. The 4/ 
electrons are well shielded from external fields by the overlying Si and Sp 





electrons. Thus the magnetic effect of the motion of the electron in its 
rbital is not quenched out. Thus the magnetic moments must be calcu¬ 
lated taking into account both the magnetic moment from the unpaired 
electron spins and that from the orbital motion. This also happens with the 
second and third row transition elements. However, the magnetic proper¬ 
ties of the lanthanides are fundamentally different from those of the 
transition elements. In the lanthanides the spin contribution S and orbital 
contribution L couple together to give a new quantum number J. 

J = L - S when-the shell is less than half full 
and J - L + S when the shell is more than half full 

The magnetic moment p is calculated in Bohr magnetons (BM) by: 

n = sfl(J + 1) 


where 

_ . S(S + 1) - L{L + 1) 

« = b + - 2JUTT) - 

Figure 29.2 shows the calculated magnetic moments for the lanthanides 
using both the simple spin only formula, and the coupled spin plus orbital 
momentum formula. For most of the elements there is excellent agreement 
between the calculated values using the coupled spin + orbital momentum 
formula and experimental values measured at 300 K. The range of experi¬ 
mental values are shown as bars. 

The agreement for Eu 3 * is poor, and that for Sm 3 * is not very good. The 
reason is that with Eu'* the spin orbit coupling constant is only about 
300cm' 1 . This means that the difference in energy between the ground 



moments of Ln 3 ' lanthanide ions at 300 K. Spin-only 
Figure 29.2 Paramagnet and ^ spjn p , us orbital mol j on as solid lines, 

values are shown as a broken 
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Table 29.8 Magnetic moments of La'* and the lanthanide' 4 ions 


Element 


Electronic 

Magnetic moment 



structure 
of M'*' 

Calculated 

(BM) 

Observed 

(BM) 

Lanthanum 

La 

|Xe| 4/" 

0 

0 


Cerium 

Praseodymium 

Neodymium 

Promethium 

Samanum 

Europium 

Gadolinium 

Terbium 

Dysprosium 

Holmium 

Erbium 

Thulium 

Ytterbium 

Lutetium 


4/ 

4/ 

4 r 

4 /; 

4/' 

4/ h 

4/ 7 

4 f* 

4 r 

4 f w 
4/" 
4/ 12 

4/i' 

4/ u 


2.54 

3.58 

3.62 

2.68 

0.84 

0 

7.94 

9.72 

10.63 
10.60 
9.57 

7.63 
4.50 
0 


2.3- 2.5 

3.4- 3.6 

3.5- 36 
2.7 

1.5- 16 

3.4- 3.6 
7.8-8.0 

9.4- 9.6 

10.4- 10.5 
10.3-10.5 

9.4- 9.6 
7.1-7.4 

4.4- 4.9 
0 


stale and the next state is small. Thus the energy of thermal motion is 

sute 01 Because ofTh ^ih 0 " 16 e ' eC,r ° nS and par,ially P °P ula,e ,he higher 
state. Because of this the magnetic properties are not solely determined bv 

5Ia,C confi K ura,ion Measuring the magnetic moment at a low 

moment ^Eu'^aHow P ° pula,ion of higher energy levels. The magnetic 
mem oi tu at low temperature is close to zero as exnerioH m,. 

measuremen, of magnetic moments is described in Chapter!? 

HunJ^Thud^" When'JhcTl" t T bi ‘ al m ° ,ion CUrve a ^es because of 

momenta contributions wor/inopp^n (j"= J’w^T^tr 1 
more than half full they work together (/ L L + S) 1 When the/shell ts 

lanthanide contraction 

Covalent and ionic radii normally increase on j 

periodic table due to the oresenL of on descending a group in the 

moving from left to right across a eX, j a ed shells of elec,rons On 

the extra nuclear charge Thus all the b elec,rons '"completely shield 

shielding effect of electrons decreases ilT" 5 T pU " ed in closer ' The 
contraction in size from one element La h ,l° er P ><<>/• The 
the additive effect over the 14 lanthan rf an . 0, h er ,s fa,r| y small. However. 
0.2 A, and this is known as th#» i w e ements Ce to Lu is about 

. The hardness, melting p^nt^^boil C ° n,raC,ion - 

increase from Ce to Lu Thi« i k ,n g P omts of the elements all 

increases as the size decreases 5 CCaUSC l ^ e altract ion between the atoms 




lanthanide cont raction 

The properties of an ion depend on its size and its change. The I n 3 * 
ianthan'de ions change by only a small amount from one element to the 
next (Table 29.9), and their charge is the same, and so their chemical 
properties are very similar. Since Lu 3 * is the smallest ion it is the most 
heavily hydrated. Though the lanthanides do no. form complexes very 
extensive y. since Lu^is the smallest ion the complexes formed by Lu# 

r^Am Ire^he ^ a0 K ^ * 3re ,hC ‘ areeSI ionS so La (OH) 3 and 
Ce(OH) 3 are the strongest bases. 3 

The lanthanide contraction reduces the radii of the last four elements in 

th r e .h er K S ^ °T h K l f °I Y m thC P reced ' n 8 transition series. Since the size 
° f , he f h v a !' e , r ‘ a " than,de ,ons - Particularly Dy 3 * and Ho 3 *, are similar to 
th3t of Y it follows that their chemical properties are also very similar. 
As a result the separation of these elements is very difficult. 



Sc 

0.745 

Y 

0 900 

La 

l 032 


Cc Pr Nd Pm Sm Eu 
1 02 0.99 0 983 0.97 0 958 0 947 


Gd 
0 938 


Tb 
0 923 


Dy 

0.912 


Ho 
0 901 


Er 

0 890 


Tm 
0 880 


Yb 

0.868 


Lu 

0.861 


875 


Ionic radii depend on how .iany electrons are removed. For simplicity, 
the radii of ions with the same charge are compared in Table 29.9. A 
similar change in size across the series is observed if covalent radii are 
compared (Table 29.10). 

Because of this contraction in size across the lanthanide series, the 
elements which follow in the third transition series are considerably smaller 
than would otherwise be expected. The normal size increase Sc —► Y —► La 
disappears after the lanthanides. Thus pairs of elements such as Zr/Hf, 
Nb/Ta and Mo/W are almost identical in size. The close similarity of 
properties in such a pair makes chemical separation very difficult. The sizes 
of the third row of transition elements are very similar to those of the 
second row of transition elements (see Table 29.10). Thus the second and 
third rows of transition elements resemble each other more closely than do 
the first and second rows. 


Table 29.10 Covalent radii of the transition elements (A) 


Sc 

1.44 

Ti 

1.32 

V 

1.22 

Cr 

1.17 

Mn 

1.17 

Fe 

1.17 

Co 

1.16 

Ni 

1.15 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

1.62 

1.45 

1.34 

1.29 

— 

1.24 

1.25 

1.28 

La » 

Hf 

Ta 

W 

Re 

Os 

lr 

Pt 

1.69 t 

1.44 

1.34 

1.30 

1.28 

1.26 

1.26 

1.29 


14 Lanthanide elements 
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COMPLEXES 


The lanthanide ions Ln' + have a high charge, which favours the formation 
of complexes. However, the ions are rather large (^1.03-0.86 A) compared 
with the transition elements (Cr^ = 0.615 A, Fe* = 0.55 A (low spin)) 
and consequently they do not form complexes very readily. Complexes 
with amines are not formed in aqueous solution because water is a stronger 
ligand than the amine. However, amine complexes can be made in non- 
aqueous solvents. Very few stable complexes are formed with CO, CN 
and organometallic groups. This is in contrast to the transition metals. The 
difference arises because the 4/ orbitals are well shielded and are ‘inside 
the atom’. Thus they cannot take part in n back bonding, whereas in the 
transition elements the d orbitals are involved in n bonding. The most 
common and stable complexes are those with chelating oxygen ligands such 
as citric acid, oxalic acid, EDTA 4- and acetylacetone. These complexes 
frequently have high and variable coordination numbers, and water or 
solvent molecules are often attached to the central metal. p-Diketone 
complexes of Eu 3+ and Pr 3+ dissolved in organic solvents are used as 
lanthanide shift reagents in nmr spectroscopy. 

Coordination numbers below 6 are uncommon, and occur only with 
bulky ligands such as (2,6-dimethylphenyl) - and [N(SiMe 3 ) 2 ]~. In contrast 
to the transition elements, the coordination number 6 is not common. The 
most common coordination numbers are 7, 8 and 9 and these give a variety 
of stereochemistries. Coordination numbers 10 and 12 occur with the 
larger (lighter) lanthanides and small chelating ligands N0 3 and SO 
(Table 29.11). 


complexes with monodentate oxygen ligands are much less stable than 
the chelates, and tend to dissociate in aqueous solution. There are hardly 
any complexes with nitrogen donor ligands except ethylenediamine and 
NCS . and these are decomposed by water. Fluoride complexes LnFf*, 
are formed particularly by the smaller ions, but chloride complexes are not 
formed in aqueous media or concentrated HCI. This is an important dis¬ 
tinction between the lanthanide and actinide groups. 

Ce + is smaller and more highly charged, and [Ce(NO,) 6 ] 2 ~ is formed in 

the non-aqueous solvent N 2 0 4 , and is 12-coordinate. Each NO,' uses two 
oxygen atoms to coordinate to the metal. 

f rr complexes with * bonding ligands, and the lack 
It SSKrr 1 V° ‘u e unavailabili, y of the /orbitals for bonding. 
numbeS ?f 7 T, in with high coordination 

valency shell are used for''LdTng^WsacSums^' 1 ** * V"' 

X;X' ar h ;r A-ess : 

EKET* °l/«KW i. bonding’., bond 

can be madVwith°lUh!ii C COmpounds of the lanthanides. Alkyls and aryls 
oe made with lithium reagents in ether solution: 

LnCl 3 3LiR LnR 3 + 3LiCl 

LnR 3 + UR Li[LnR 4 ] 


and [LnMe 6 ] 3 " 



I ar»te 2V. 11 Some lanthanide complexes 


Coordination 

number 


Complex 


Shape 


4 

6 

6 

7 

X 

X 

X 

X 

9 

in 

12 


| Lu(2.6-dimethvlphenvl) J' 

|Ce ,v Cl h |’- 7 4| - 

[Er(NCS) h ] 

|Y(acetylacetone),H : 0| 

|La(acetvlacetone)i(H, 0 )^] 

|Ce fN (acetylacetone) 4 ] 

jEu(acetylacetone), 

(phenanthroline)j 

|Ho(tropolonate) 4 |~ 

|Nd(H>0) y | w 

|Ce' v (NO,) 4 (Ph,PO) : | 

|Ce lv (NO,) h | 2 - 


Tetrahedral 

Octahedral 

Octahedral 

Mono-capped trigonal prism 
Square antiprism 
Square antiprism 
Square antiprism 

Dodecahedral 
Tri-capped trigonal prism 
Complex 

(each NOr is bidentate) 
Icosahedral 

(each NOT is bidentate) 


Cyclopentadienyl compounds [Ln(C s H 5 ) 3 ], [Ln(C 5 H 5 ) 2 Cl] and 

[Ln(C 5 H 5 )Cl 2 ] are known but are sensitive to water and air. 
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PROBLEMS 

1. Name the lanthanide elements in the correct order, and give their 
chemical symbols and electronic structures. 

2. In what way are the observed oxidation states of the lanthanides related 
to their electronic structures? 

3. Why is it difficult to separate compounds of the lanthanide elements? 
What methods have been used, and which of these is still used? 

4. What is the lanthanide contraction, and what are its consequences? 

5. In what ways does the filling of the 4/energy level affect the rest of the 
periodic table? 

6. Contrast the electronic spectra of the lanthanide and transition metal 
ions. Why do the lanthanide ions give rise to very sharp bands in their 
electronic spectra, and why are the magnetic properties of their com¬ 
plexes little affected by the nature of the ligands? 

7. Compare the coordination numbers and stereochemistries commonly 
found in lanthanide complexes with those commonly found in transition 
metal complexes. 

8. Work out the number of unpaired electrons in the ground state of the 
following ions: 

La 3 \ Ce 4+ , Lu 3+ , Yb 2 +, Gd 3+ , Eu 2+ , Tb 4+ . 
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Table 30.1 The elements and their oxidation states 


Atomic 

number 

Element 

Symbol 

Outer electronic- 
structure 

Oxidation states* 

89 

Actinium 

Ac 

bd' 7i 2 

III 


90 

Thorium 

Th 

91 

Protactinium 

Pa 

92 

Uranium 

U 

93 

Neptunium 

Np 

94 

Plutonium 

Pu 

95 

Americium 

Am 

% 

Curium 

Cm 

97 

Berkelium 

Bk 

98 

Californium 

Cf 

99 

Einsteinium 

Es 

100 

Fermium 

Fm 

101 

Mendelevium 

Md 

102 

Nobelium 

No 

103 

Lawrencium 

Lr 

104 

Rutherfordium 

Rf 


fa / 2 Is 2 
5/ 2 fa/ 1 7 .t 2 
5/' fa/' 7v 2 
5 f 4 fa/' 7.v 2 
Is 2 

5/ 7 7.v 2 

5/ 7 fa/' 7 j 2 
5/ v 75 2 

S/'" 7r 
5/" 7j 2 

5/' 2 7r 

5/ 13 75 2 

5/' 4 



II 


II 

II 

II 

II 

II 


I IV 
I IV 
I IV 
l IV 
I IV 
I IV 
I IV 
I IV 
I 
I 
I 
I 

I 

II 


V 

V 

V 

V 

V 


VI 

VI VII 
VI VII 
VI 



ELECTRONIC STRUCTURE AND POSITION IN THE PERIODIC 

table 

„ . . .. „ ( ii,»nu_‘nts in Ihe periodic (able shows that 

Examination of (he prece t Groups 1 and 2 and (heir outermost 

francium Fr and radium ^^'<6 ° J 1 actinium Acbcgins(0 fi „ 

electrons must he m 7s , has properties typical of the Sc. Y, La 

(he penultimate d shellI (-6J 7 .). P^ ^ j( mjgh , be expected , hat 

group. By analogy w .h wlwrt W()l)|d cntcr lhe 5/ shell and form a 

»n the following 14 clement. ^ |4 elements from atomic number 

second inner transition scries. 
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on thorium to atomic number 103 lawrencium are called the actinide 
elements. However, the electronic structures of the act.n.des do not follow 

the simple pattern found in the lanthanides. 

Immediately after La the 4/orbitals become appreciably ower m energy 
than the 5 d orbitals. Thus in the lanthanides the electrons fill the 4/ orbitals 
in a regular way (apart from minor differences where it is possible to attain 
a half filled shell). It might have been expected that after Ac the 5/orbitals 
would become lower in energy than the fid orbitals. However, for the first 
four actinide elements Th. Pa. U and Np the difference in energy between 
5/and fid orbitals is small. Thus in these elements (and their ions) electrons 
may occupy the 5/or the 6d levels, or sometimes both. Later in the actinide 
series the 5/orbitals do become appreciably lower in energy. Thus from Pu 
onwards the 5f shell fills in a regular way. and the elements become very 


simitar. 

Before 1940 the only actinides known were Th. Pa and U. These 
elements were (wrongly) thought to be part of the d series. The reasons for 
this were some chemical similarity with groups of transition metals Ti, Zr, 
Hf....Th? and Cr, Mo, W....U? The increase in the number of 


oxidation states formed by the elements Ac, Th. Pa and U is reminiscent of 
the inverted pyramid of oxidation states obtained with the d-block 
elements (see Table 17.2). Also the increased stability of the higher states 
follows the same pattern as found in the d-block. This is in contrast to the 
almost uniform ( + III) oxidation state of the lanthanides. U is the heaviest 


naturally occurring element. As a result of work on the atomic bomb 
during World War II. and of later work on atomic energy, at least 12 more 
elements have been made artificially. Since these man-made elements have 
atomic numbers higher than g : U they are sometimes called the trans¬ 
uranium elements. 


However, as the transuranium elements w'ere discovered and studied it 
became apparent that they were /-block elements from: 


1. the sharpness of the lines in their UV—visible spectra 

2. magnetic studies 

3. the increasing importance of the ( + III) oxidation state. 

It is now generally accepted that the actinides are a second inner transitio 
series, beginning with thorium and ending with lawrencium. 

The lanthanide and actinide elements may be compared (Table 30.2). 


Table 30.2 The lanthanide and actinide elements 



V-'WLAI II IUV^ KS 


V/UI I IWUUil II I V-S I 


OXIDATION STATES 


There are many similarities between thn i .u • ■ 
ac ,inidcs. Cm closely resembles Gd a d l ! “ and ,he 

figuration f\d'. The elut.on of Am Cm h eleC,r0nic Con ' 

exchange column exactly parallels that n( ,k„ i ’ .* . Cf from an ion- 
Dy. The melting points ’L dernifc 0 , ,t ^ 76 “• 

with the values lot the d-block (see Appendices II and Mh""’ 

The elements Pa. U, Np. P u and Cm have verv l . • 

absorption spectra. This is a characteristic feature of f-f P <!" ,he ' r 
lines from the actinides are about ten tim« , /spectra. Spectral 

lanthanides. If there is only one /‘electron nr/ m * ei ! se as , * 10se from ,he 
peak in the spectrum, and therefore it will be ea^to'm.e^e! Usually^ 
spectra are very complex, and are very difficult to interpret. The maln«ic 
properties of the actinides are also difficult to interpret 8 

Whether the elements possess any d electrons in their ground state 
configuration is of little practical importance. In the most common 
oxidation state ( + 111) the two s electrons and the d electron (if present), 
will be removed. The energies of the 5/ and 6 d orbitals are very close. The 
bond energy is greater than the promotion energy 5 f —» bd. The Is and Ip 
orbitals are of comparable energy. Thus the levels occupied by electrons 
may change depending on the nature of the ligands, or between the solid 

state and a solution. It is often impossible to say which orbitals are being 
used. 


The 5/ orbitals extend into space beyond the 6s and 6 p orbitals and 
participate in bonding This is in direct contrast to the lanthanides where 
the 4/ orbitals are buried deep inside the atom, totally shielded by outer 
orbitals and thus unable to take part in bonding. The participation of the 5/ 
orbitals explains the higher oxidation states shown by the earlier actinide 
elements. The greater extension of the 5/orbitals compared with the 4/is 
shown by the difference in electron resonance spectra, of Nd 3 * and U 3+ 
ions in CaF : or SrF : . Both ions have an f y ground state (spectroscopic term 
symbol 4 I^ : - see Chapter 29). The U w signal shows hyperfine structure 
caused bv interaction with fluorine nuclei, whilst Nd 3 * ions do not. 


OXIDATION STATES 

The known oxidstion states of the elements arc shown in Table 30.1. 

The ( + 11) state is quite rare. Am 2 * has an f 1 configuration. It is the 
analogue of Eu 2 * in the lanthanides, but it only exists in the solid as the 
fluoride. In contrast Cf 2 *. Es 2 *. Fm 2 \ Md 2 * and No 2 * exist a. ions in 
solution. Their properties are like the Group 2 metals. Particularly Ba ^ 
It is the most stable oxidation state for No. and corresponds to an / 

arrangement. H*rinn state of ( + III), like the lanthanides. 

The actinides all have an ox.d ^ oxidati on state in the actinides. 

However, this is not always the m hc firs| (our e | elIl ents Th. 

( + III) is no. the most stable oxj(Jjzed in air . and i„ solution. 

Pa, U and Np. For example. y for , he )ater elements «Am - 

The ( + 111) state is the most stable s 
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, ()3 Lw (excluding 102 N 0 ). Their properties are similar to those of the 
lanthanides. 

The most stable oxidation states for the first four elements are Th (+IV), 
Pa (+V) and U (-h VI). These high oxidation states involve using all the 
outer electrons (including / electrons) for bonding. Though Np(+VII) 
exists, it is oxidizing and the most stable state is ( + V). Pu shows all the 
oxidation states from ( + III) to ( + VII), but the most stable is Pu(IV). Am 
has a range of oxidation states from ( + 11) to ( + VI). However, for Am and 
almost all the remaining elements the ( + III) state is the most stable. 

The ( + IV) state exists for all the elements from ^Th to 9 7 Bk, and it is 
the most important state for Th and Pu. M J> ions are known in acid 
solution, and are precipitated by F", PO4" and I0 3 ions. The elements all 
form solid dioxides M0 2 and fluorides MF 4 . 

The ( + V) state occurs for the elements 9 ( Pa —► 9 sAm, and it is the most 
stable state for Pa and Np. A few solid compounds are known. M >+ ions do 
not occur in solution, but MCK ions exist between pH 2-4, and these 
oxoions are linear (O— M—0]\ These ions disproportionate rapidly in 
solution, but are found in solid compounds. 


l-rv; ( + IV) ( + VI) 

2UO? + 4H* - U 4 * + UC>r + 2H 2 0 

The ( +VI) state exists as fluorides MF* for the elements U, Np, Pu and 
Am. The ( + VI) state is more widely found as the dioxo ion MO;\ This 
ion is linear [O M 0]^ + , and is stable. It exists both in solution and in 
crystals. The crystal structure of uranyl nitrate U0 2 (N0 3 ) 2 (H 2 0) 2 consists 
of the linear (O— U—O) 2 ^ ion surrounded by two N0 3 groups and two 
HjO molecules. The NCK groups are bidentate. so two O atoms from each 
NOv bond to the U. O atoms from the two H 2 0 atoms also bond to U, 
giving a coordination number of 8. Similarly in the crystal structure of 
sodium uranyl acetate Na[U0 2 (CH 3 C00) 3 ] the acetate groups are 
bidentate using both O atoms, so U is eight-coordinate 
The oxidation states tend to be ionic, and the higher ones 

covalent. M , M and M * ,ons are all known. Hydrolysis of these ions 

loHr^pVt'* 6 3 * * bU * Can be su PP resse d by using acid solutions Perch- 
• 'i_i' j ° ' en * ® mosl su 'table as it has little tendency to form com- 
p lexes^ Hydrolysis of compounds in the higher oxidation states give (+V) 

-» M0 2 ions and ( + VI)-. MO^ ions. 


OCCURRENCE AND PREPARATION OF THE ELEMENTS 

a A nd ,h u e „Ht memS ; f,er t * la ' * S ^ r0m onwa rds. have unstable nuclei 
occur m n o? T* The «*P «° and including «U 

undergo radioactive decay Thandu" ,h0Ugh ’ hey 

u 1 nnm , 0 3 dnc * U ar e by no means rare. They make up 

U occur at 11 ° Can ^ s crusl res pcctively. The fact that Th and 

have hi fl e T* * because ,he ^topes ^Th. *gU and 

f lives sufficiently long for some to have remained since the earth 
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was formed (t\n for is 4.5 x 10 9 year* 

years). The elements following U have shorter half I yL’i? ? 04 * ^ 
when the earth was formed has already decayed ' d a " y presem 

If the elements are significantly radioactive 
care . The later actinides have very short half lim (often a^ ha " dled W ' th 
less). Thus it is not possible to get high concentrations JZT^ °' 
thing ° ,her than q“ick tracer experiments. Studying some of T 
is complicated because the radiation decomposes water into H and OH 
radicals. These radicals may reduce hiohir „„ j . n na UH 

*♦«>■ ■’“<«). AmeViJ. vS a”, 1 ?™ ““ - » 

The radioactivity produces self-healing. Ten era™ nf »»„ 

0.02 watts of heat. This cannot be used as a la™ 8 i Pu 8enera,es 
L , -a , , usea as 3 large scale power source since 

th « isotope . fissile and thus undergoes nuclear fission. (The critical mass 
o Pu is only about lkg.) The heat may decompose some compound?? 
also prevents accurate structure determination by X-ray diffraction since 
the atoms have an unusually high degree of thermal motion! The 
production of heat in this way by some of the actinides is used in light¬ 
weight power sources. For example, the heat is used to produce electricity 
with a thermopile in heart ‘pace-makers’. They were used in the first moon 
probes, the Apollo space mission and in satellites. The isotopes 2 ^Pu and 
% Cm are used for this purpose. They are a emitters, and very little 
shielding js^ required as a particles are easily stopped by surrounding 
material. 95 Am has also been used, but it emits y rays in addition to a 
rays, and thus requires extensive shielding. 

Up to 10% Th is found in Monazite sand, mixed with the lanthanides as 
(ThLn)P0 4 . It is also found as the ore thorite ThSi0 4 . U is mined as the 
ore pitchblende U0 2 . Very small amounts of Ac, Pa, Np and Pu have been 
detected in these ores. These four elements are only available by synthetic 
routes. Plutonium is formed in large amounts by irradiating uranium fuel 
in nuclear reactors. This is important because plutonium is fissile, and can 
be used for military purposes (to make atomic weapons) and also as a fuel 
for nuclear generating stations to make electricity. 

The chemistry of Th and U resembles that of the Ti and Cr groups of 
transition metals in several respects. The elements with higher atomic 
numbers than U are called the transuranium elements. These have all been 
produced artificially in the period since 1940. These elements were pro¬ 
duced using a nuclear reactor to irradiate suitable elements with neutrons. 
They are also made using an accelerator to bombard a sample with a 
particles (He nuclei), or the nuclei of light atoms such as C, B, N, O or Ne. 
Most of the transuranium elements were discovered (first made) at the 
University of California. 


PREPARATION OF THE ACTINIDES 

The early members of the series are usually formed by (n,y) reactions 
which are usually followed by P emission. They were first made in 1940 by 
bombardment of U in a cyclotron at Berkeley. They are now obtained 
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from spent U fuel rods. Though the main reaction in a reactor is fission of 
into two smaller nuclei with the release of a lot of energy, several 
secondary reactions occur. The U fuel rod is irradiated with j/ok- neutrons 
(of energy 1 MeV). A neutron may be captured by the nucleus in a (n, y) 
reaction. The neutron increases the mass number of the nucleus by one 
and some energy is released as y radiation. Further neutrons may be 
added in a similar way. Addition of neutrons increases the neutron to 
proton ratio (the n/p ratio). This eventually makes the nucleus unstable 
because it contains too many neutrons. The nuclei decay by converting a 
neutron into a proton and a P particle (electron). This reduces the n/p 
ratio and also increases the atomic number by one. Thus a new element is 
formed, one place to the right in the periodic table of the original element 
(see Chapter 31, under Stability and the ratio of neutrons and protons) 
When the fuel rod is eventually removed from the reactor, it is processed 
and the new elements can be recovered. There is not much use for Np so 

normally only Pu is recovered. (Pu is useful both as a nuclear fuel, and for 
weapons.) 


+ (,n -> 2 #U + ,' n 


+ on 


*i.« 23 3 mm 


/ih 7 days 


; 2.3 day\ 


44 Pu 


The yield of the heavier elements is controlled by two factors: 

1. The half lives of the various isotopes. 

2. By their ability to absorb neutrons, that is their neutron cross-section. 

Isotopes of elements after Pu cah be made by a succession of (n v) 
reactions starting with Pu in a nuclear reactor. * Y 

239p l n -Y) 240r» (n.y) R 

«Pu-> wPu—L, Mip u " 


1 1 : 13 2 years 


2 5sAm 


toIubjemheTamntr ° f & '°Z T’™ 5 i$ ,edious - A <> uicker ™thod is 

allowing time for thp 03 . 6 ^ *{? h flux or density of fast neutrons, without 
duringthe hvdrlln K P roducts >° decay. This happened 

inoFmfermium were formed^AsyeTthrsd^ eleme " tS w . Eseins,einium and 
practicable svnth^ri^ * ■ . ^ et l ^ ls ^ oes not P rovi de a convenient and 

- ■ - 


2 *?u 


(n.2n) 


2 £u 


1 1 ; 6 7 days 

must have suffidenUnerev !o b ° mbard ,he sam P le wi,h smal1 ions T 1 ** 
Ihe ion and the heavy nucleus ^! rC ° me ‘ he cou,ombic repulsion between 

motion by acceleration th* m . ,ons are 8 ,v en a high kinetic energy of 

8 o a great speed in a linear accelerator, or in a 
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U [ 885 J 

Table 30.3 The main isotopes and their sources 

Atomic Element Main Half life 

number isotopes 

Z 

Source 




89 

Actinium 

227 Ac 

90 

Thorium 

-’'-’Th 

91 

Protactinium 

2,1 'Pa 

92 

Uranium 





93 

Neptunium 

i,7 Np 

94 

Plutonium 

^“Pu 


23v Pu 

242 Pu 

244 Pu 


95 Americium 2J| Am 

24, Am 

96 Curium 242 Cm 

244 Cm 


21.7 years 

1.4 x 10 ,l) years 
3.3 x 10 4 years 

7.1 x 10* years 

4.5 x 10 g years 

2.2 x 10 6 years 


86.4 years 

2.4 x 10 4 years 

3.8 x 10 5 years 
8.2 x 10 7 years 

433 years 
7.7 x 10 1 years 


162 days 
17.6 years 


Natural 2 *$Ra 2 ^Ra -t- 2 «<jAc 

w 41 min " 


Naturally occurring ores 
Natural (0.1 ppm in U ores) and from 235 U fuel 
elements 

Natural (0.7% abundance in U ores) 

Natural (99.3% abundance in U ores) 

Formed from U fuel elements 

u Jru "5u -2^ 2 £u 


235 

92 


2 9 *U (n. 2n) 

Several isotopes are formed in fuel elements 
-NpJ!2-^Np T f r ^p u 

nY 239. r 3 239vr_ 


93 * 


238 

92 


u 


239 
’ 92 


u 


23 mm 
?£Pu lhree ("TL -^Pu 
2Wp u ^£iHYL^P u 


TTd 


- 2 £Pu 



n 


97 

Berkelium 

-’"‘'Bk 

314 days 

98 

Californium 

2« C f 

360 years 



2S2 Cf 

2.6 years 

99 

Einsteinium 

2M Es 

250 days 

100 

Fermium 

25, Fm 

4.5 days 

101 

Mendelevium 

2<h Md 

1.5 hours 

102 

Nobelium 

2,j No 

3 seconds 

103 

Lawrencium 

2 ' 7 Lr 

8 seconds 

104 

Rutherfordium 

"'Rf 

Approx. 70 


Intense and prolonged neutron bombardment of 
239 Pu in nuclear reactors 

Bombardment of 2,2 Cf with He 2 * followed by 3 
Bombardment of 24 *Cm with 
Bombardment of 2<i2 Cf with B w 


seconds 
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cyclotron. The simplest ion used is the a particle (that is a He nucleus). 
These increase the mass number by four and the atomic number by two. 

2 SPu + 'He - 2 $Cm 

Often the addition of the helium nucleus upsets the ratio of neutrons to 
protons (see Chapter 31), and one or more neutrons are emitted. The 
equations for nuclear reactions may either be written showing all the 
particles in the equation, e.g. 

^Pu + *He - 2 JiCm + 2(An) 

or in a shorthand way with the particles added and lost shown in brackets: 


(a. 2 n) 241 


Cm 


2«Am 2 $Bk 


242 (o,2n) . 244rv 
%^m - * 9hCI 

249^ (a2n) . 2'lr_ 

oax-i ► Hiirm 


2 «Es 


(an) 


iniM’d 


The heaviest elements were obtained by bombarding the sample with 
accelerated ions B 5+ , C 6+ , N 7 * or O k * 


+ '$N 

2 9!u + 

2 £Cm + ,2 C 
2 9«Cf + l lB 


2 i?Es + 3 (/,n) 
in!lFm + 4(, l ,n) 
mjNo + 4 (^n) 
?f» 7 Lr + 6(^n) 


The sources, half lives and mass numbers of the most accessible isotopes 
are given in Table 30.3. 

Other isotopes are known, and some have long half lives. 247 Bk is only 

prepared with dlf ficulty by ion bombardment in an accelerator, but it has a 
half life of about 7000 years. 

10 4 ^ uant * l ' es l ^ ese elements which are available are given in Table 

Sed ?' ! ment ! ab T a, ° mic number 100 fermium exist only as short- 
nreLed Th'. on \ m ' n ^ quantities (a few atoms) have been 

LcJnds «?r - as A ,S0,0 ^f are '“ Md = 53 days. &o = 185 
seconds, lftJ Lr - 45 seconds and ftiRf = approx. 70 seconds. 

GENERAL PROPERTIES 

elemen,s are g' v en in Table 30.5. The elements are 

considerahlv in S T heir L mel,,n 8 points are moderately high, but are 
i , ' ° Wer ' an , *’ ose *° r the transition elements. The size of the 

es regu arly along the series, because the extra charge on the 


oocunieu uy ocii i ioocii n ic 


thorium 



Table 30.5 Some properties of the actinides 



nucleus is poorly screened by the / electrons. This results in an ‘actinide 
contraction' similar to the lanthanide contraction. Comparison of the M 3 * 
ionic radii with whose for lanthanides (Table 29.9) shows that the actinide 
and lanthanide ions are very similar in size. Hence their chemical 
properties are alike. However, the actinides have much higher densities 
and a much greater tendency to form complexes. 

The actinides are reactive metals like lanthanum and the lanthanides. 
i They react with hot water, and tarnish in air, forming an oxide coating. In 
the case of Th this coating is protective, but this is not so with the others. 
The metals react readily with HCI, but reaction with other acids is slower 
than expected. Concentrated HNO^ passivates Th, U and Pu. The metals 
t are basic and do not react with NaOH. They react with oxygen, the 

halogens and with- hydrogen. 1 he hydrides are nonstoichiometric and have 

ideal formulae MH : or MHv 

The metals are usually obtained by electrolysis of fused salts, or by 
reducing the halides with Ca at high temperatures. 


thorium 

Thorium is by no means rare. It comprises 8.1 ppm of the earth's crust and 
is the thirty-ninth most abundant element. The mam source ts monaz.te 
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sand in which it occurs up to 10% as the phosphate, mixed with phosphates 
of the lanthanides. Thorium is also found as uranothorite (a mixed silicate 
of Th and U) in the Sudbury ores (Canada). Monazitc is treated with 
NaOH. The insoluble hydroxides are filtered off and dissolved in HCI. The 
pH is adjusted to 6, when the hydroxides of Th(IV), U(IV) and Ce(IV) are 
precipitated. This separates them from the trivalent lanthanides. The 
hydroxide precipitates are dissolved in 6M HCI and extracted with tri- 
butylphosphate and kerosene. If required the metal can be obtained by 
reducing ThOi with Ca. or ThCI 4 with Ca or Mg. These reactions must be 
carried out under an atmosphere of argon, as Th is very reactive when hot. 

The only stable oxidation state is Th( + IV). and the Th J * ion is known 
both in the solid and in solution. Th(NOO.i ‘ 5H : 0 is the best known 
salt, and it is very soluble in water. In dilute solutions hydrated ions 
[Th(H : 0)„) 4 * exist, and on adding NaOH. a precipitate of Th(OH) 4 is 
produced. The oxide ThO : is formed by heating the nitrate, or by heating 
the metal in air. The oxide is white and has the highest melting point of any 
oxide (3220°C). It is unreactive except that it dissolves in a mixture of 
HNO* and HF. The other actinide oxides are also refractory. 

Anhydrous halides ThX 4 are formed by direct reaction. They are also 
formed by strongly heating the oxide with the appropriate halogen acid or 
heating the oxide with CCI 4 at 6(K)°C. The halides are high melting and 
white. On strong heating Thl 4 decomposes to the elements. This has been 
used to purify the metal by the van Arkel method (see Chapter 6. under 
‘Thermal decomposition methods of extraction ). The halides hydrolyse in 
moist air. giving oxohalides ThOX?. The white colour of Th(IV) com¬ 
pounds is associated with the absence of il or / electrons. The high charge 
of Th 44 favours the formation of complexes. These often have high 
coordination numbers and uncommon structures (Table 30.6). 


Table 30.6 Some high coordination numbers 



Coordination number 

Shape 

K 4 |Th(oxalatc 4 | • 4H : 0 

8 

Square antiprism 

(NH 4 ) 4 (7hh K | 

9 

Tricapped trigonal prism (ThF«») 
sharing two edges to give 
infinite chains 

Mg|Th(NO,).| 

12 

Icosahedral. The NCK groups 
are bidentate 


Th(lll) compounds are rare, and are only found as solids. Thl, and 
ThOF have been made, bui they react with water, forming Th(lV) and 
liberating hydrogen. Thl, and Thl 2 can be made: 

2Thl 4 + Tb^2* 2Thl, + Thl; 

Thh is a gold coloured solid, and. is a good electrical conductor. These 
lower-valent compounds all have some metallic conduction. Thl; * s 
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protactinium 


probably Th • 21 and 2 electrons in a conduction band. Thl, is probably 
Th 4 *. 31 an d an electron in a conduction band. ThS has also been made. 

About 500 tonnes of thorium compounds are produced annually. The 
two industrial uses are as follows: 

1 When thorium dioxide containing 1% cerium is heated in a gas flame 
it emits a brilliant white light. Because of this it was widely used for 
making incandescent gas mantles. At one time gas lighting provided the 
main source of artificial light. (Electric light bulbs and fluorescent tubes 
have largely replaced gas lighting Except for mobile use, e g. in 
caravans. However, making gas mantles still accounts for half the Th 
produced.) 

2. Naturally occurring thorium is almost entirely 232 Th. This isotope is 
not fissionable, but if irradiated in the outer part of a nuclear reactor 
233 U is formed. 


8891 


232 

90 


Th 


ny 


2 %Th 




22 mm 


233 

91 


Pa 


P 


27 days 


233 T i 
92 U 


This isotope of uranium does not occur in nature, and has a half life of 
1.6 x 10' years. It is fissionable. Since more reactor fuel is produced 
than is consumed by the reactor it is important as the basis of ‘breeder- 
reactors’. 


PROTACTINIUM 

Traces of Pa (about 0.1 ppm of 23l Pa) are found in the uranium ore 
pitchblende U0 2 . The Pa is formed as a decay product of 235 U in the 
actinium decay series (see Chapter 31). It also occurs in the neptunium and 
uranium natural decay series. It is difficult to isolate Pa from minerals. It is 
usually prepared artificially either from Th by the reaction given above, or 
obtained as 231 Pa from processing spent uranium fuel elements removed 
from nuclear reactors. 

The study of protactinium is a story of scientific cooperation which is 
rarely encountered. The chemistry of this element was almost unknown 
until 1960 when A.G. Maddock and a team at the UK Atomic Energy 
Authority extracted 130 g of the element from over 50 tonnes of waste from 
the extraction of U. They sent samples to major laboratories throughout 
the world. This rapidly produced most of the information on this element. 

The chemistry of Pa is particularly difficult to study because the 
compounds hydrolyse readily. In addition the ions polymerize forming 
colloidal precipitates in water and most acids. These precipitates are 
adsorbed on to the vessel walls or onto other precipitates. Colloidal pre¬ 
cipitates are not formed when Pa is handled in fluoride solutions, because it 
forms fluoride complexes. 

Pa can be extracted from solutions in HCI or HNO* by tributyl 
Phbsphate. It is then precipitated as PaF,*, and reduced to the metal with 
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the actinides 


Ba at 1400°C. Pa has been obtained in 100 g quantities. The metal is shiny, 

malleable and tarnishes in air. . 

te most stable oxidation state is <+V). r*A « obtained as a white 
sol d by igniting Pa compounds in air. The ox.de .s weakly acuhc as „ is 
attacked by fused alkali. Heating in a vacuum, or reduction with hydrogen 
at 1500°C gives a black nonstoichiometric phase Pa0 23 and eventually 
PaO? PaF 5 can be made by the action of F 2 on PaF 4 , or BrF 3 on Pa 2 0 5 . It 
is reactive and can be sublimed. PaCl 5 and oxohalides PaOX 3 and Pa0 2 X 
are also known. Pa(V) complexes with oxalate, citrate, tartrate, sulphate 
and phosphate ions are known, and some unusual fluoride complexes have 
been studied. In Rb[PaF 6 ] the Pa atom is eight-coordinate. The complex 
K 2 [PaF 7 ] contains nine-coordinate PaF 9 groups. These form two F bridges 
to neighbouring groups on either side, giving a chain. In Na 3 [PaF 8 ] the 
[PaF 8 ] 3 ~ ion is a slightly distorted cube. In the (-f IV) state, Pa0 2 and the 
halides PaXi are all known, and also oxohalides PaOX 2 . Reduction of 
aqueous Pa(V) solutions with zinc amalgam or Cr 2+ gives Pa(IV), but this 
is readily oxidized by air. Spectra of PaCl 4 in HC1 or HCIO 4 are similar to 
those for Ce 3 + (4/ 1 ). This suggests that Pa(IV) has a 5 / 1 configuration, and 
is an actinide. Pa(III) has been detected polarographically. 

URANIUM 

Uranium ores were originally mined as a source of Ra, which was used for 
radiotherapy treatment of cancer. Small amounts of U were (and still are) 
used to produce pale yellow or green coloured glass. This glass fluoresces 
under UV light. Some uranium oxide is used for colouring ceramics. 

The discovery of uranium fission by Otto Hahn in December 1938 
stimulated a very detailed study of nuclear physics and of uranium 
c emistry. The liberation of energy by splitting a nucleus was of such 

r: C n e n ° n i 2 A UgUS ‘ 1939 Albert Eins,ein wro,e about '« 

wo th f p 00Seve 1 (,he Presidem of the USA). He said ‘Some recent 
uranium L hIT L Szi ‘ ard leads me «pec, that the element 

immediate future’. Wstoly show!how Jhetr™ ° f thC 

Chicago) usedThle fasiorTp roce ss°l'o create the^T “ U " iversi,y h ° f 

r r i 8, * phi "’ sa <* a ^ 

tonnes of graphite, 50 tonnes of UO JV?" 1 reaC,IOn Ferml used 4<X) 

This led to the Manha. n p 2 ,onnes ° f U me,al ' 
discovery of the transuran ro J ect to make atomic bombs, to the 
numbers than U) and the H m f emen,s (elements with higher atomic 

cial importance as a nuclear f.. . , 45 ,!/ ran,um now of great commer- 

power plants producing etc, r i^, \'T were ° ver 120 nude " 
the world. ^ ln l ^ e and over 400 in the rest of 
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Occurrence 

Uranium vanadates such as camotite K 2 (U0 2 ) 2 (V0 4 ) 2 • 3H 2 0 constitute 
the chief ore of U. It occurs as a distinctive yellow or green—yellow crust, 
or in sandstones and soft aggregates. U is also mined as oxide ores, the 
most important being uraninite and pitchblende. These are black—brown 
coloured, nonstoichiometric and approximate to U0 2 . They are often 
oxidized, and gummite is orange-yellow, brown or black and is a mixture 
of weathered U and Th ores. The stoichiometric oxides U0 2 , U 3 0 K and 
UOj are black —brown, green —black and orange—yellow respectively. U is 
the forty-eighth most abundant element in the earth's crust (2.3 ppm). It is 
more abundant than some ‘well known' elements such as Ag, Hg, Cd and 
I. WoHd production of U was 34400 tonnes in 1992. This is based on the 
metal content, and is equivalent to 40600 tonnes of U 3 0 8 . The main 
producers of U ores are the Soviet Union 32%, Canada 27%, Niger 9%, 
Australia and Namibia 7% each, France 6 %, and the USA and South 

Africa 5% each. Half of the USA production comes from the Grants area 
of New Mexico. 


Extraction 

The extraction processes are complex. Ores are crushed and concentrated 
by physical and chemical means. Ore may contain 0.2% U, so 1 tonne of 
ore yields only 4 lbs or under 2 kg of U 3 0 8 . First the ore is concentrated 
using the very high density of U in flotation methods. Then it is roasted in 
air, and leached with H 2 S0 4 (often with an oxidizing agent such as Mn0 2 
to ensure conversion to U(-l-VI)). This is precipitated as sodium diuranate 
Na 2 U 2 0 7 , a bright yellow solid called ‘yellowcake’. This dissolves in 
HNO^, forming uranyl nitrate U0 2 (N0 3 ) 3 (H 2 0)„. Uranyl nitrate is 
purified either by adding ammonia to precipitate U0 3 , or by solvent 
extraction of uranyl nitrate from aqueous solution into tributyl phosphate 
in an inert hydrocarbon diluent. The final steps are conversion to UF 4 
followed by reduction of UF 4 with Ca or Mg to give the metal. 


Nuclear fission 

Naturally occurring uranium contains three isotopes: 99.3% 23 *U, 0.7% 
2 ' S U and traces of 234 U. The isotope 235 U is fissile, and if it is irradiated 
with thermal (slow) neutrons the nucleus breaks up into two smaller nuclei. 
At least a million times more energy is liberated by this fission than from a 
chemical reaction. The nucleus may split giving several products (see 
Induced nuclear reactions’. Chapter 31), one such reaction being: 

2 ? >2 U + An — ‘gl + 3 qY + 3(/ ) n) + 2 x 10 ,(, kJ mol " 1 energy 

If one of the neutrons evolved splits another 23 *U nucleus then a self- 
perpetuating nuclear chain reaction will be started. This liberates energy at 
a constant rate. Since three neutrons are evolved per fission, these could in 


the actinides__ — 

th - ,5 U nuclei. This would liberate even more 
principle split three fur e^^ ^ feactjon This would run out of 

nc r S ,l energy a. an ever increasing rate, resulting in an 


explosion. maintain a chain reaction. The neutrons 

'V s TS'tsZ are fast nTutrons-. and have energies of 2 x „>" kJ 
mol ' They tend to escape and are no. very effective a. causing further 
feion' They are much less effective than ‘slow neutrons w. h an energy of 
about*2 kJ mol' '• (These are sometimes called ‘thermal neutrons . because 
dteir energy is equivalent to thermal energy attainable at room tempera- 
i Two things can be done to increase the chance of a cha.n reaction. 


1 The fast neutrons may be slowed down by collision with atoms of 
' hvdrogen deuterium or carbon. These materials are called moderators. 

2. A large enough mass of 2 ^U is needed to ensure that sufficient neutrons 
hit another fissile U nucleus rather than escape. Thus there is a critical 
mass. The size of this depends on the shape of the material and on its 
purity. A sphere has the minimum surface area, which minimizes the 
chance of neutrons escaping. Rods or sheets have a much larger area: 
hence neutrons can escape more easily. The chance of neutrons causing 
fission increases if the proportion of the fissile isotope is increased. Thus 
it is usual to ‘enrich' the fuel. 


Control rods are used to make sure that the reaction does not get out of 
control. The control rods absorb neutrons. The rods are lowered into the 
reactor to absorb neutrons and slow it down, or are raised out of the 
reactor to allow it to speed up. Control rods may be made of boron steel, 
cadmium or hafnium. 

'iB + ,',n l lB + y 
' inCd + An - 'iJCd 4- Y 

Paradoxically chain reactions can only be made to result in an explosion 
with difficulty. To get an explosion, conditions must be such that the 
neutron propagation factor is greater than one. This means that more than 
one neutron from each fission is effective at causing another fission. This is 
called a branched chain reaction. To attain these conditions bomb grade 
fuel is very highly enriched. It may contain up to 80% 235 U. There are great 
difficulties in achieving this magnitude of enrichment. Normally the energy 
liberated melts the radioactive material, thus allowing it to spread out. 
Because of the increased surface area, more neutrons escape, hence the 
chain reaction ceases. Only if the fissile material is prevented from 
spreading out by some form of containment will a chain reaction result in 
an explosion. The temperatures reached are similar to that of the sun. and 
t ere is no casing that will withstand such temperatures. The first atomic 
bomb dropped on Hiroshima used 2U U. Two sub-critical masses of 
enriched U at opposite ends of a gunbarrel were shot together bv a small 
conventional explosion, which held them together lone enough for a 
nuclear explosion to occur. 


URANIUM 


In a nuclear reactor, the nent™* ~ 

This means that only one neutronK eaTfi^ ■* VCry C,0SC 10 onCl 
another fission. Thus the release of php • fiSS,0n ,S al,owed to cause 

for peaceful purposes such as generating elecSv 0 '"!?’ and , Can ** USed 
may escape, or may be absorbed bv th/ The sur P lus neutrons 

by 2W U which is also present in the fuel T 0 " absorbm 6 control rods or 
The preparation of enriched U fuels «!!.!; • , 

2,5 U is difficult. Fuel is usually enrich^ fT '" 8 lar 8 e amounts of fissile 
civil nuclear reactors in P owe r ', a ,!nn 2% and 4% of 2 ” U ** 

required for bombs and reactors fnr , r. S • mucb b ' 8 ber enrichment is 
four methods of separate j °*^ ma / , " es ( 70% or 80%). There are 
diffusion, electromagnetic separation ^ h U ,hermal diffusion, gaseous 
scale separation is now carriedou “sin " h T4 3 Ce " ,rifuge Urge 
gaseous 23S UF 6 and 238 UF, Jrh? 8 '^ d 'i ferent rates of diffusion of 
fs increasing in importance P ‘ Cr 31) ' The gas cen,rifu 8 e ™thod 


893 


U0 2 + HF - UR 


UF 6 (gas) 


II x 50-90*C . 

U + 3CIF,-. UF 6 + 3CIF, 

When absorbs neutrons it forms the heavier element Pu which is itself 

be formed than the quantity f “n h L i d T q , Uan " ,y ° f Pu may 
a fast breeder reactor “ C ° nSUmed ' ' he reac, ° r ,s called 


Chemical properties 

Uranium and the next three elements Np, Pu and Am show oxidation 
states of (-hill), ( + IV), ( + V) and (-f VI). These are similar to each other, 
except that the most stable state drops from U(VI) to Np(V) to Pu(IV) to 
Am(III). In the ( + III) and ( + IV) states the compounds are similar to 
lanthanides. The ions formed in the oxidation states (-hill), ( + IV), ( + V) 
and ( + VI) are M 3 *, M 4 *, M0 2 and M0 2 ^ respectively. Oxidation- 
reduction reactions are rapid between M 3+ and M 4 \ or M0 2 and MO^, 
as these only involve the transfer of an electron. Oxidation of M 4 * to 
MOi* is slow because it involves transfer of oxygen. 

Uranium is a reactive metal. Finely divided metal reacts with boiling 
water to give a mixture of UH^ and U0 2 . The metal dissolves in acids, and 
reacts with hydrogen, oxygen, the halogens and many elements. 


Hydrides 

Uranium reacts with hydrogen even at room temperature, though the 
reaction is faster at 250 °C. giving UH, as a black pyrophoric powder. The 
hydride is very reactive, and is often more suitable than the metal for 
taking other compounds: 
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2UH, + 4H 2 0 
2UH, + 4CI 2 
2UH 3 + 8HF 
UH 3 + 3HCI 


2U0 2 + 7H 2 
2UCI 4 + 3H 2 
2UF 4 + 7H 2 
UCI 3 + 3H 2 


Oxides 

The U-O system is complicated because there are several stable oxidation 
states, and the compounds are often nonstoichiometric. U0 2 is brown- 
black and occurs in pitchblende. U 3 O s is greenish black, whilst U0 3 is 
orange-yellow. Some reactions are given: 


U0 2 (N0 3 ) 2 -2H 2 0^ uo 3 ^^ UO, 


700‘C 


u + o. 


U 3 O h 


All three oxides are basic and dissolve in acids. U0 3 dissolves in HN0 3 , 
forming the yellow uranyl ion [0=U=0] 2 *. Crystallizing this solution 
gives uranyl nitrate U0 2 (N0 j) 2(H20)„. The number of molecules of water 
of crystallization may be two, three or six depending on whether it is 
crystallized from fuming, concentrated or dilute HNO v Crystals of the 
dihydrateJiavejm unusual eight-coordinate structure. This comprises a 
linear [O—U—O) + group perpendicular to a hexagon of six oxygen 

atoms (four from two bidentate NO,' groups and two from water 
molecules (Figure 30.1). 


Figure 30.1 Uranyl ni.ra.e d,hydrate UO,(NO,) 2 • 2H,0. 


Halides 


of*0ie reaction^nf and ,heir colours are listed in Table 30.7. Some 

ot tne react,ons of the fluorides are given: 







NEPTUNIUM, PLUTONIUM AND AMERICIUM 
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UF, 



[UF h ] and [UF„] 


UF„ 


UFh and UCIh are octahedral but all the other halides are polymeric, and 
have high coordination numbers. The halides are all hydrolysed by water. 
The hexahalides dissolve in strong acid and give the UO? + ion. At higher 
pH values this hydrolyses and polymerizes via hydroxyl bridges, giving: 



UF 6 is obtained as colourless crystals, m.p. 64°C. It is a powerful Huori- 
nating agent, and is rapidly hydrolysed by water. UFs tends to dispro¬ 
portionate to UF 4 and UF 6 . The tetrahalides arc the most stable. 


Table 30.7 

Halides of uranium 




Oxidation 

state 

Fluorides- 

Chlorides 

Bromides 

Iodides 

+ 111 

UF* green 

UCh red 

UBr ; red 

UI, black 

+ IV 
+ V 
+ VI 

UF a green 

UF> while-blue 
UF„ white 

UvF., black 

UdF M black 

U>F : * black 

UCI 4 green 

U’CI,„ red-hrown 
UCL black 

UBr, brown 

U1 j black 


NEPTUNIUM, PLUTONIUM AND AMERICIUM 

Except for : JJPu, which is verv important as a nuclear fuel and for bombs, 
the other transuranium elements have few uses outside research. -^Np and 
-;'/.'Pu can be extracted in kilogram quantmes. and -„Am and vAtn in 
KKIg quantities from spent uranium fuel rods which have been used in a 
nuclear reactor. Their separation ts extremely difficult and hazardous Not 
only are they mixed with highly radioac.iye hssion product* but the 
material is also fissile. The critical mass for a sphere o. Pu metal is abou 
10kg but in solution less than I kg may be critical. Furthermore. Pu is 
extremely toxic (a dose of 10 ”g may be fatal and smaller doses are 

' • v a , hi* obtained from spent fuel rods. It is produced 
carcinogenic). Am can be Mctuom p Ridge National 

by intense neutron irradiation ol pure ru at tne s 

Laboratories in Tennessee. 
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The reprocessing of nuclear fuel rods is an important new technology. 
Plainly* reprocessing is necessary in breeder reactors to extract the new 
elements produced so that they may be used as fuel. Reprocessing is also 
essential in normal thermal reactors. This is because some of the fission 
products that are produced absorb neutrons. Thus they will stop the chain 
reaction before all the 235 U or 23y Pu has been used. There are over 30 
different elements produced, including Sr, the second row transition 
elements, I, Xe, Cs, Ba, La and the lanthanides. (Many of the isotopes 
formed are radioactive: the best known are ^Sr and l 38 I.) There are large 
amounts of U and Pu, and small amounts of the other transuranium 
elements. 

Fuel rods removed from a reactor are immersed in water for 100 days. 
This keeps them cool while the highly radioactive isotopes with short half 
lives such as ,3 il ( t V2 = 8 days) lose most of their activity. 

In the Purex process the fuel rods are dissolved in 7M HNO^ and 
extracted with tributyl phosphate. UO?+ and Pu( + IV) are extracted in the 
same way. This leaves the other transuranium elements (mainly Np, Am 
and Cm) together with other fission products (mainly second row transition 
elements and lanthanides) in the aqueous solution. Careful reduction of 

, p he rMM°Qn? (+IV) D S ? 1U . ti0n Wi ' h SO -’ NH ’ OH or iron (")sulphamate 
Fe(NH 2 SO ,) 2 gives Pu(+III). This is easily separated from UOs + and U J+ 

by solvent extraction. U is precipitated as uranyl nitrate, and' Pu as the 

oxalate or fluoride. Eventually U0 2 and Pu0 2 are recovered 

Np. Pu and Am are reactive metals similar to U. They dissolve in acids 

and react with hydrogen, oxygen, the halogens and many elements The 

(+V,) are P resen * in -lution as “n? 
order U^Np^ J Am. ) T 'increasingly oxidizing in the 

The most stable states are Np( +V). P u (+7vTa7d Ami'+Un 6 V 
oxidation of alkaline solutions of NpO^~ and PnO-* l-.u Cry s,rong 

The d ( + VIO MaJeT" iS °‘ a,ed ^ ^ 0 °! 

jt ,s rapJy 

may b^n^loichSeinc^L 3 M °" but ,he oxide systems 

are similar to those of uranium in struct^reT S ° l,d . Solu,lons The halides 
list of known compounds is given in Table 3oT “ prepara,i ° n ' A 

converged^nemrolTaZtion nUC ' ear ^ 2 '" Np ^ 

satellites. -Am is a valuable ^, 0 ^^ .“plnST ^ *" 

THE LATER ACTINIDE ELEMENTS 
Much less is Known about the 

fermium, mendelevium. nobclium an t " ,S cunum - einsteinium, 

their limited availability and nanl!^ Iawrenc,um Th,s ,s due in part to 

that only Cm is available in^ macro Table 30 4 sh0 ? 
others is largely from tracer studies P ' C qUan "" es - and ‘"formation on the 
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I'gljlt 3 O .8 Halides of neptunium, plutonium and americium 


+111 

NpFi purple-black 
NpCI, white 

NpBr, green 

Npl.i brown 

PuF, purple 

PuCI, emerald green 
PuBr, green 

Pul, brown 

AmF, pink 
AmCl, pink 
AmBr, white 
Ami, yellow 

+ IV 

NpF 4 green 

NpCI 4 red-brown 
NpBr 4 red-brown 

PuF 4 brown 

AmF 4 tan 

+ VI 

NpF„ brown 

PuF h red-brown 



Interest in these elements is largely concerned with showing that the 
second half of the actinides resemble the lanthanides quite closely. In spite 
of similarities, the actinides can be separated from the lanthanides quite 
easily, as the actinides form complexes more readily. For example, with 
concentrated HCI the actinides form chloro complexes. If both groups of 
ions are adsorbed on a cation exchange column, the actinides can be eluted 
with concentrated HCI. The actinide ions arc separated from each other by 
ion exchange using citrate solutions to elute them The order in which the 
actinides arc eluted shows a close similarity to the order in which the 
lanthanides are eluted. 

The ( + III) oxidation state is the most stable for all but one of the 
elements with atomic numbers 96- 103, i.e. Cm. Bk. Cf. Es. Fm. Md. (No) 


and Lw. The exception is No, which is most stable as No( + II). This is 
stable because it has a favourable / l4 electronic configuration 

There is evidence of ( + 11) states tor the elements 98-102. i.e. cali¬ 
fornium to nobelium. Except for nobelium this state is reducing or strongly 
reducing in nature. Higher oxidation states of Cm( + IV) are found in the 
solid but not in solution with compounds such as CmF 4 and Rb[CmF*]. 
Bk( + IV) compounds are oxidizing. They exist in both the solid and in 
solution, and BkCT and Cs 2 (BkCI 6 ) have been isolated. Lawrencium exists 
only in the ( + 111 ) state and resists both oxidation and reduction, again 
illustrating the stability of an / |4 electronic arrangement. 

The first three elements curium, berkelium and californium have been 
obtained in milligram quantities. Their chemistry has been studied by 
normal small scale methods, and compounds have been isolated. The 
remaining elements have been studied by radioactive tracer methods, 
because they are only available in such minute amounts. In this technique 
the traces of the heavy elements are precipitated, or form complexes, in 
the presence of major quantities of a carrier clement which has similar 
chemical properties. Thus mendelevium is studied using the lanthanide 
element europium, and the mendelevium is detected and followe > its 


radioactivity. 

The elements up to KM) lermium undergo radioactive decay main \ \ 

I'inillinf! .. panicles or |< particles (see Chapter Ml The elements become 
increasingly unstable tbe atomic number increases, and nobelium has a 
ha.. only three .seconds (Table JO .M With these very heavy 
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elements, spontaneous nuclear fission becomes the most important method 
of decay. 2 ' 2 Cf could become a valuable neutron source. 

FURTHER EXTENSION OF THE PERIODIC TABLE 

The actinide series is complete at element 103. lawrencium. Elements 

104-109 have been reported recently and are d -block elements. There are 

currently two major groups working on producing superheavy* elements. 

one in California, USA and the other at Dubna near Moscow in the USSR 

By convention, the workers who discover a new element have the right to 

name it. Element 104 (Unq) was first reported by Russian workers and 

named kurchatovium Ku (after Igor Kurchatov). However, their work was 

repeated by American workers who obtained different results and named 

the element rutherfordium Rf (after Ernest Rutherford). It appears to 

resemble hafnium in the d-block. Tracer studies have been carried out and 

UnqCl 4 seems to be similar to HfCI 4 . Element 105 (Unp). provisional^ 

named hahn.um Ha (after Otto Hahn), seems to resemble tantalum 

UnpCl 5 and UnpBr 5 have both been studied. Element 105 Unp has a half 

life of about 1.5 seconds and UnpBr s was observed from only IS atoms 

Both elements 104 and 105 have been made by bombarding actinides with 

the accelerated nuclei of light atoms. For example, element 105 was made 

from californium by ion bombardment with ,S N nuclei. The verv short half 

lives of the isotopes and the increasing importance of spontaneous fission 

the mode of decay of the elements with atomic numbers greater than 100 

would suggest that extension of the periodic table to much higher atomic 
numbers is not very likely. * m,c 

The IUPAC proposed a system for naming elements with Z > 100. 

1. The names are derived by using roots for the three digits in the atomic 

*e -ding -mm. We'lZ iThc 


4 

quad 


pent 


sept 


2 ' ~rhoX.d h 'orm\l C ^° r,enCd: f ° r eXam P ,e - » and ,ri 

3. The svnibol for the element is m-T ‘ md f Cnn ml ,s shortened toennil. 

roots which make up the name The ,r ” ““ ^ te,,e " from lht 

roots has been chosen to ensure that th"^ ""kT* °' La " n ^ GfCek 

nsure ,hdt 'he symbols are all different. 

I hough the names are written * i 

hyphen has been inserted bet^en'eTh'o m'?' k" ““ eXamples belowa 

certainty in I m are listed in Table ,« h *T knWWn Wl,h reasonable 

• ole 30.10 together with their half lives. 
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Table 30.9 IUPAC nomenclature for the superheavy elements 


Atomic 

number 

Name 

Symbol 

Atomic 

number 

Name 

Symbol 




IK) 

un-un-nilium 

Uun 

101 

un-nil-unium 

Unu 

III 

un-un-unium 

Uuu 

102 

un-nil-bium 

Unb 

112 

un-un-bium 

Uub 

103 

un-nil-trium 

Unt 

113 

un-un-trium 

Uut 

104 

un-ml-quadium 

Unq 

114 

un-un-quadium 

Uuq 

105 

un-nil-pentium 

Unp 

115 

un-un-pentium 

Uup 

106 

un-ml-hexmm 

Unh 

116 

un-un-hexium 

Uuh 

1117 

un-nil-septium 

Uns 

117 

un-un-septium 

Uus 

108 

un-ml-octium 

Uno 

IIS 

un-un-octium 

Uuo 

100 

un-ml-enmum 

Une 

119 

un-un-enmum 

Uue 




120 

un-bi-mlium 

Ubn 




130 

un-tri-nilium 

Utn 




140 

un-quad-mlium 

Uqn 




150 

un-pcnl-nihum 

Upn 


Hyphens have been pul in the names for clarity. They should be omitted 


Table 30.10 Superheavv elements and their half lives 


Atomic 

number 


Name 


un-nil-quadium 

un-nil-pentium 


un-nil-hexium 

un-ml-septium 

un-nil-octium 

un-ml-enmum 


Svmbol 


Tmtlnq 

TmUnq 

fSUnp 

fc’Unp 

flgUnp 

fSX/nh 

ftUnh 

ffiUns 

Siuno 

TwUnc 


Half life 


or 255 257 s 


(1.9s or 259264s 
0.12s 

2 x 10"% or 263 26*4 s 
5 x 10% 


u fnr rlaritv Thcv should be omitted. 

Hyphens have been put m the names for • 

Elements with an even J— 

number) are usually m °^" a ® ans , ha , , h ey are less likely to decay, and 
numbers (llark.ns rule)• T ^ bolh an even number of protons and 
are more abundant. Also n to he sUi blc. The nucleus has a 

an even number of neutrons are broadly similar to the energy 

shell structure, with different energy levels, broa^. ^ (han awage if 

levels of extra-nuclear electrons. ^ ^ ^ ^ 126. Ihese are 

the number of neutrons or ptol • . .. ()nc p py ihe shell structure of the 

called magic numbers', and can 
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nucleus. This theory also requires the inclusion of numbers 114 164 and 
184 in the series of magic numbers. The stability is particularly high if both 
the number of protons and the number of neutrons are magic numbers. 
Thus 2 HlPb is very stable with 82 protons- 208 82 , lu 128 neu «rons. 

This suggests that nuclides such as iM^uq, iiaUuq and ^Ubh might be 

stable enough to exist. 

It is just possible that stable isotopes of the very heavy elements could be 
made, but that the preparative techniques have so far only succeeded 
in producing unstable isotopes. Considerable efforts are being made 
to produce elements 114 and 126 which seem to be favourable nuclear 
arrangements. The elements up to atomic number 105 have been made by 
bombarding actinides with light nuclei such as He, B, C, N and O. Instead 
of continuing to build up the elements gradually in small steps, attempts 
are being made to make elements beyond Z = 105 by bombarding fairly 
heavy nuclei such as or HjBi with nuclei of medium sized atoms. The 
nucleus formed when they fuse is chosen to be close to a magic number. 
The newly formed nucleus will decay, emitting various particles, and the 
energy of the accelerated particle is kept as low as possible to lessen the 
chance of fission. There are enormous practical difficulties. In addition it is 
extremely expensive to build accelerators capable of imparting sufficient 
energy to the medium weight nuclei prior to bombardment. Element 107 
has been made by bombarding 2 Jf{Bi with accelerated ^Cr. 


M3 


^Bi + gCr 2 WUns + 2/,n 


Element 109 has been reported from the USSR and was made by 
bombarding 2 $Bi with accelerated ^Fe, forming „ w Une. Only a few atoms 
have been prepared. There are islands of stability around Z = 114 which 
should be like lead, and around Z = 126. The latter is interesting, and 
could contain a new series with g electrons. 
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PROBLEMS 

1. Name the actinide elements in their correct order, and give their 
chemical symbols. 

2. Which actinide isotopes are available (a) in tonnes, (b) in kilograms and 
(c) in gram quantities? 

3. Compare and contrast the pyramid of oxidation states found in the first 
row of the transition elements with the oxidation states found in 
lanthanides and in the actinides. 

4. What are the main sources of Th and U? How are the metals obtained? 

5. Describe the methods which have been used to separate the isotopes of 
uranium. Explain the difficulties. 
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6 . Give some typical reactions and comment on the structures of +3 and 
+4 ions of the actinides. 

7. What elements would you expect rutherfordium (atomic number 104) 
and the elements of atomic numbers 105, 106, 107 and 112 to resemble? 

8 . The electronic configurations and position of the heavier elements in 
the periodic table are controversial. What are the possibilities, and what 
is the evidence? 
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STRUCTURE OF THE NUCLEUS 

An atom consists of a positively charged nucleus, surrounded by a cloud of 
one or more negatively charged electrons. The charges balance exactly and 
the atom is electrically neutral. The nucleus is made up of positively 
charged protons and electrically neutral neutrons , which are bound 
together by very strong forces. These arc short range forces, which fall off 
very rapidly as the distance between the particles increases. The particles 
which make up the nucleus are called collectively nucleons. 

The radius of a nucleuses incredibly small, roughly 10 -15 m. Nuclear 
distances are measured in femtometres (1 fm = 10 -,5 m). (Most atoms are 
1-2 A, i.e. 1-2 x 10 -lo m in radius. The nucleus of oxygen, for example, 
has a radius of 2.5 fm.) To get some feel for how small the nucleus really is, 
imagine the nucleus measures 1cm in diameter. On the same scale the 
diameter of the atom would be about 1000 m. Most of the mass of an atom 
is concentrated in the nucleus. As a result its density is ver> high, 2 pproxi- 
mately 2.4 x 10 14 gcm 3 or about 10 13 times the density of the densest 
element iridium (22.61 gem -3 ). 

The atomic number Z of an element is the number of protons in the 
nucleus. This is equal to the number of orbital electrons round the atom. 
The mass number A is the sum of the neutrons and protons in the nucleus. 


Liquid drop model 

The nucleus is sometimes described in terms of a ‘liquid drop’. A small 
liquid drop is almost spherical. It is held together by short range forces - 
the attraction to near neighbours. Molecules at the edge of the drop feel 
the attractive force on one side only: this is the surface tension effect. A 
large liquid drop becomes elongated, and needs only a little disturbance to 

make it break into pieces. 

In a similar way a nucleus is held together by short range forces (the 
exchange of n mesons). The surface tension effect 1 ensures that small 
nuclei are spherical. As the mass of the nucleus increases, the repulsion 
between protons increases more rapidly than the attractive forces. To 
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minimize the repulsive force, the shape of the nucleus is deformed, just 
like the elongation of a large liquid drop. 

This model was suggested by the Danish physicist Niels Bohr to explain 
why heavy nuclei undergo nuclear fission. Uranium (element number 92) 
of mass number 235, ^U, is so deformed that the addition of a little extra 
energy, e.g. absorption of a neutron, causes the nucleus to break into two 
smaller nuclei. This is called nuclear fission, and when it occurs a large 
amount of energy is released. Nuclei with mass numbers larger than that of 
uranium are so deformed that they undergo spontaneous fission. This 
means that the nuclei disintegrate (break up or. their own) without any 
external peturbation. 

The density of all nuclei except the very lightest is almost constant. Thus 
the volume of the nucleus is directly proportional to the number of 
nucleons present. Nuclei with differing numbers of nucleons are regarded 
as different sizes of drop. The range of nuclear attractive forces is very 
small (2fm-3fm). The nucleons can move inside the nucleus rather like 
the particles in a liquid. 


Shell model 

In the electron cloud surrounding an atom we can distinguish different 
electronic energy levels. The electrons are arranged in different shells and 
orbitals which may be described by four quantum numbers. The nucleons 
are thought to be arranged in a definite way in the nucleus. Thus the 
nucleons are arranged in shells, corresponding to different energy levels 
When the nucleons occupy the lowest energy levels this corresponds to 
the ground state. Under different conditions the nucleons may occupy 
different (higher or excited) energy levels. Usually the population of these 
higher nuclear energy levels is'so short-lived that it cannot be observed 
Thus the properties of the nucleus depend only on the number of neutrons 
ana protons, and not on the energy levels they occupy. 

In a few cases the excited nuclear states have a measurable life, and 

* '" lh ' s ,7 rs nuclear isomers M" exist. Nuclear isomers are simply 

differ Tf ii'* Sa T ni T ber ° f neu,rons and Photons, hut whose energies 
iffer. It follows that the masses of the isomers differ by a very small 
amount corresponding to the difference in energy. Y ^ 

JiSnK? U T Me eVe " When ,hey corres P°nd to the ground 
maenedc radia. nUC e ' ^ eC ° mpOSe b V fitting various particles and electro- 
nuclei are known"’ If^ CaMed radl0active deca V Over 1500 unstable 

Certain Mmhina?^ ' s supported b y a periodicity in nuclear properties. 
Certain combinations of neutrons and protons are particularly stable: 

1 Aan'neigh^ourfng^le^ems of'od^t" 10 ^ 6 and m ° re abundant 

Harkin'* mip rxk i °* atomic number. This is known as 
exception™ 6 applies al ™st universally, but >H is a notable 
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2 . Elements of even atomic number are richer in isotopes and never have 

less than «h ee stable tsotopes (average 5.7). Elements with odd atomic 

numbers often have only one stable isotope and never have more than 
two • 

3 . There is a tendency for the number of neutrons and the number of 
protons in the nucleus to be even (Table 31.1). 


Table 31.1 The number of neutrons, protons and stable nuclei 


Number of protons 
P(= Z) 

Number of neutrons 

N 

Number of 
stable isotopes 

Even 

Eeven 

Odd 

Odd 

Even 

Odd 

Even 

Odd 

164 

55 

50 

4 


This suggests that nucleons may be paired in the nucleus in a similar way 
to the pairing of electrons in atomic and molecular orbitals. If two protons 
spin in opposite directions, the magnetic fields they produce will mutually 
cancel each other. The small amount of binding energy generated is 

sufficient to stabilize the nucleus. However, this is not the most important 
source of energy in the nucleus. 

Certain nuclei are extra-stable, and this is attributable to a filled shell. 
Nuclei with 2, 8, 20, 28, 50, 82 or 126 neutrons or protons are particularly 
stable and have a large number of isotopes. These numbers are termed 
magic numbers'. The numbers 114, 164 and 184 should also be included in 
the series of magic numbers. When both the number of protons and the 
number of neutrons are magic numbers the nucleus i* vciy stable. For 
example, ^Pb is very stable and has 82 protons, and 208 - 82 = 126 
neutrons. The emission of y rays by the nucleus is readily explained by the 
shell model. If nucleons in an excited state fall to a lower nuclear energy 
level, they will emit energy as y rays. 

Thus some nuclear properties imply that the nucleons are free to move 
within the nucleus, and others suggest that nucleons exist in energy levels. 

FORCES IN THE NUCLEUS 

Protons have a positive charge. In any nucleus containing two or more 
protons there will be electrostatic repulsion between the like charges. In a 
stable nucleus, the attractive forces are greater than the repulsive forces. In 
an unstable nucleus the repulsive forces exceed the attractive forces and 
spontaneous fission occurs. The attractive forces in the nucleus cannot be 
electrostatic for two reasons: 

1. There are no opj jsitely charged particles. 

2 . The forces only act over a very short distance of 2—3fm. 

If the nuclear particles are separated by a distance much greater than this, 
attraction ceases. Electrostatic forces diminish only slowly with distance. 
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The attractive force does not depend on the charge as the same attractive 
force binds protons to protons, protons to neutrons and neutrons to 
neutrons. 

Two atoms may be held together by a sharing of electrons, because the 
exchange forces result in a covalent bond. By analogy, two nuclear 
particles may be held together by sharing a particle. The particle 
exchanged is called a n meson. Mesons may have a positive charge n*, a 
negative charge it - or no charge n°. Exchange of n~ and 7 t + mesons 
accounts for the binding energy between neutrons and protons. The 
transfer of a charge converts a neutron to a proton or vice versa. The 
resultant attractive forces are indicated by dotted lines in the examples 
below. 



A it meson is exchanged between two protons or between two neutrons. 



in between P' n ’ n ~ n ’ and P"P> are probably all similar 

^rength. The different types of mesons have similar masses. The mass of 

- meson ls ' imes thal of an electron and the masses of both n* and 
outddT’th arC i llm ^. s , * laI an electron. All mesons are very unstable 
oarticles in ,L UC CUS , 3rc man 5' 0,her less common elementary 

ohvsics and kV"* 0 *’i. ^ IS top ‘ c ' S rcaP ' W1| hin the field of particle 

particles in a nuclp 0n ' 6 SCOpe ,h ' s kook. The number of charged 
me ons me n. i r 't ™'™ Cons,an '- However, the continual transfer of 

ccmMantly changing ^ “ d ^ 

versa are nrH<T formation of neutrons into protons and vice 

sr-sr; 01 "" 

these two changes are in equilibrium * S ' ab ' e nUC ‘ eUS ' 

STABILITY AND THE RAT IO OF NEUTRONS TO PROTONS 
present For eLmernsZ ? epends on the numt,er of protons and neutrons 

szsszzj whi„ a rn;r ber (up *° z = 2 °- ca> ,he f 

protons P and neutrons Af ThkL T c ° n,a,ns an e< 1 ual number of 

with higher atomic numbers a I Z- k?* Z ra,i ° Eleme " ,S , 

neutrons as this increases the mZl Z ' f they haVe 3 sligh ' °„ 

between protons. Thus the ratio w/p f0rCe a " d a,S ° red “ CeS repU Sj 

atio NIP increases progressively up to about 




1.6 at Z - 92 (uranium). In elements with still higher atomic numbers the 

tov ' h bwo "" » '"'V ""K-fo spontaneous fcsion. ^ 

■*"£ “ 8 ” Pl “ n "" ,on * against ptoto” 

number P, and WP ratio against proton number for the stable nuclei 
(Figure 31.1). 



MODES OF DECAY 

Stable nuclei lie near to these curves. Nuclei with NIP ratios appreciably 
higher or lower than the stable ratio are radioactive. When they decay they 
form nuclei closer to the line of maximum stability. 

If the NIP ratio is high, the isotope lies above the curve. Such a nucleus 
will decay in such a way that it reduces the NIP ratio and forms a stable 
arrangement. The ratio can be reduced in two ways. 


Beta emission 

Electrons or P radiation may be emitted from the nucleus when a neutron 
is converted into a proton, an electron and a neutrino. This reduces the 
j M/P ratio. The neutrino v is a strange particle. It has zero mass and zero 
charge, and is postulated to balance the spins. A neutrino is emitted in 
almost all nuclear transformations. The change of a neutron into a proton 
may be written: 

An — !p + -Ye + v 

The mass numbers are shown at the top and must be balanced on both 
sides of this equation. The nuclear charges are shown at the bottom. These 
too must be balanced on both sides of the equation. The loss of an electron 
from the nucleus in this way decreases the NIP ratio, if an isotope is not far 
from the stable NIP line one p decay process may be suffic.ent: 


iYAI 


•$N + -Ye + v 
ftSi + -Ye + v 


, u. i. rw 
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Ml 


Ba 


f, . = IX min 


'^La 


P 


»,: = •' ?h 


'iJCe 


Ml 


siPr 


i ,» - 2H day* 


In p decay the mass number remains unchanged, but the nuclear charge 
increases by one unit. Thus when P decay occurs the element moves one 
place to the right in the periodic table. 


Neutron emission 

An obvious way to decrease the NIP ratio would seem to be to emit a 
neutron from the nucleus. This form of decay is rare and only takes place 
with highly energetic nuclei. This is because the binding energy of the 
neutron in the nucleus is high (about 8MeV). One of the few examples 
involves ^Kr, which can decay either by neutron emission or P decay. 

**Kr-► ?£Kr + ,'n 

--—. —. %Si 

If the NIP ratio is too low, the isotope lies below the curve. There are 
three possible modes of decay. 


Positron emission 

Positrons or p+ radiation (positive electrons) result from the trans¬ 
formation of a proton to a neutron. The positron is ejected from the 
nucleus together with an anti-neutrino v. 

ip —► I )n + Ye -I- v 

The anti-neutrino is postulated to balance the spins. When the positron is 
ejected from the nucleus it very quickly collides with an electron in the 
surroundings. The two particles annihilate each other and their energy is 
released as two y ray photons. These photons are released in opposite 
irections (180 apart), so there is no resultant linear or angular 

Tr^rlx? Thus each photon has exactly half of the annihilation energy 
ot l.U22Mev, i.e. each photon has an energy of 0.511 Mev. This energy 
came originally from the parent nucleus. It follows that the mass of the 
parent nucleus is greater than the mass of the daughter nucleus. This 
process increases the NIP ratio. Gamma radiation usually arises in another 
ay, as escn ed later. Some examples of positron emission are: 

loNe 'JjF 4- Ye + v 
"C - '»B Hh Ye -f v 


Orbital or K-elcctron capture 


The nucleus may capture an orbital electron 
a neutron with the emission of a neutrino: 


and thus convert a proton into 
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IP + -ie — ; )n + V 

Th.s process increases the NIP ratio. Usually an electron from the shell 
close < o the nucleus ,s captured. This is called the K shell, so the process 
,s called K-e ectron capture. An electron from a higher energy level dZ 
hack to fil the vacancy in the K shell and characteristic X radiation ^ 
emitted. Electron capture is no, common. I, occurs in nuclei where the NIP 
ratio is low and the nucleus has insufficient f 

■«Be + _j*e —» ’Li + v 
ftK + _Ve ftAr + v 

Where the difference in mass of parent and daughter nuclei is equivalent to 

more than the required 1.02MeV for positron emission, both positron 
emission and K capture occur. 




P' (SK'X») 


* 2?Ti 

| K capture (42%) ] 


Proton emission 

Except for nuclei in a very high energy state, proton emission is unlikely as 
the energy needed to remove a proton is about 8 MeV. 


GAMMA RADIATION 

Immediately following any nuclear change, the neutrons and protons often 
have not arranged themselves in their most stable positions. The newly 
formed daughter nucleus is thus in an excited state, and has a higher energy 
than the ground state. Generally the nucleons rearrange themselves quite 
rapidly, thus lowering the energy of the daughter nucleus to the ground 
state. The corresponding amount of energy is emitted. This is in the range 
0.1-1 MeV, and is emitted as electromagnetic radiation of very short 
wavelength, called y rays. 


HALF LIFE PERIOD 

The time taken for half the radioactive nuclei in a sample to decay is called 
the half life period. This is a characteristic of a particular isotope. 

For a single radioactive decay process, the number of nuclei which 
disintegrate in a short time period depends only on the relative number of 
radioactive atoms present. Thus the size of the sample does not affect the 
time taken to undergo radioactive decay. Nuclear decay is therefore a first 
order reaction. If n is the number of radioactive nuclei and / the time 
interval, the rate of decay (that is the change in the number of radioactive 
nuclei with time) is given by: 
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(31.1) 

X is the decay constant for the process, which indicates how rapidly the 
sample is decaying. (A. has the units time' ‘.) It is usual to quote the time of 
half life rather than the decay constant. The two are related. Integrating 
equation (31.1) between limits from time = 0 to time = t gives: 

’ -1 = e _X/ 
n 0 

where no is the original number of nuclei at time 0, and n the number 
remaining at time /. The half life t m is the time taken for the number 
of radioactive nuclei to fall to half the original number, that is to reach 
n = in 0 . Since there is no way of counting the number of radioactive nuclei 
present, we cannot calculate X in this way. However, we can substitute the 
activity at time = 0 (A 0 ) and the activity at time = t(A) for the number of 
atoms. The activity can be measured and is the number of counts recorded 
in a fixed time on a Geiger counter or a scintillation counter. Thus we can 
evaluate X: 



A _ n 
A 0 n 0 



Taking natural logarithms of both sides of the equation 


hence 



^ 1/2 


ln(j) _ 0.693 
X + X 


Nuclear energies are of the order of K^kJmor 1 of nucleons. The 
energies involved in chemical reactions are about 10-10 2 kJ mol" 1 . Clearly 
transmutation of one clement to another by chemical means is impossible, 
because of the exceedingly high nuclear energy. For the same reason a 
change in temperature has no observable effect on the rate of decay. 

The radioactivity of a sample is traditionally measured in curies (Ci). 
Originally a curie was taken as the amount of radioactive disintegration in 
18 8sRa. It is more precisely defined as the amount of a radioisotope 
which gives 3.7 x 10 10 disintegrations per second. Thus one curie of 
ifferent radioisotopes contains a widely different number of atoms. The 
SI unit of activity is the becquerel (Bq), and is defined as the amount of a 

radioisotope which gives one disintegration per second. Thus 1 Bq = 27 x 
10~ 12 Ci. 


BINDING ENERGY AND NUCLEAR STABILITY 

The mass of a hydrogen atom JH is equal to the sum of the mass of one 
proton and the mass of one electron. For all other atoms the mass of 
the atom is less than the sum of the constituent neutrons, protons an 
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alpha decay 


electrons. The difference is called »k 

related to the binding energy holdino tk maSS de fect. The mass defect is 
the nucleus. A stable nucleus muA- * n ^ ulr °ns and protons together in 
particles or it would not form aVe CSS energy l ^ an its constituent 

Energy and mass are related by the Finct- 
were A E is the energy liberated Am tk , equation A£ = Amc 2 

and c the velocity of light (2.998 x 10»m^ ( ' he rtass defect) 

calculated, and converted td the hinn;„ . 1 he mass defect can be 

the mass defect, the larger the bindinf m ,he nucleus - The larger 

stable the nucleus. ndmg ener 8V. a "<* therefore the more 

Mass of |p = 1.007277 a.m.u.. Mass of An = , 008665 „ 

(931 is the conversion fart™ i uueo65 a.m.u. 

fdc,or fr °-" a,omic mass units a.m.u. to MeV) 
Mass of 2 He nucleus = 4.0028 amu 
Mass of 2n + 2p = 4.0319 
Mass defect = 0.0291 

Binding energy = 

0.029) x 931 = 27.) MeV 
or 2.6 x 10‘'kJmo|-' 


Mass of jLi nucleus = 6.0170 
Mass of 3n + 3p = 6.0478 
Mass defect = 0 .0308 

Binding energy = 

0.0327 x 931 = 28.7 MeV 
or 2.8 x KT'klmol' 1 


... i vy J IUU1 

It is quite easy to calculate whether a nucleus is stahl. ^ 

possible decay processes are g.ven below *^ Some 

j He ,1|n + 2 He »Li > + >Li 

^He - An + An + >He %, _ | p + s He 

^He !p + $L. _ 4 He + 2 H 

In each of the above reactions the mass of the parent is less than th. 

processes occur ° f ^ ThuS "°" e of a ^ve de£ 

The total binding energy of the nucleus increases with th^ „.. m k , 

wetakula^eThe' ^ “T? ‘ he S,abili,y ° f nuclei of differe "‘ element 
calculate the average binding energy per nucleon: 


binding energy per nucleon = L otal binding energy 

number of nucleons 

The graph of binding energy per nucleon against atomic number, for the 
different elements, shows that nucleons are held together with increasing 
force up to a mass number of about 65. The binding energy for each 
additional nucleon decreases as the nuclei get larger (Figure 31.2) For 
most nuclei the average binding energy per nucleon is about 8 MeV. 
Consequently 8 MeV of energy is needed to remove either a proton or a 
neutron from the nucleus. 



alpha decay 

As nuclei gel larger, the repulsive force between protons increases and the 
energy of the nucleus increases. A point is reached where the attractive 





Mass number 


Figure 31.2 Binding energy per nucleon. 


forces are unable to hold the nucleons together. Thus part of the nucleus 
breaks off An a particle is emitted from the nucleus. An a particle is a 
helium nucleus 2 He. This is a particularly stable nuclear fragment as all 
the nucleons are in the lowest possible energy level, and both the number 
of neutrons and the number of protons are magic numbers. At the same 
time energy ,s liberated. In the decay of 2 J$U. 4.2 MeV of enerev is 
released because the mean binding energy per nucleon of the two daughter 
nuclei *,Th and 2 He is greater than for the parent nucleus 2 *U This is an 
enormous amount of energy (1 MeV = 96.48 x KfkJmol' 1 ) 


I 


“yoTh 4- ^He + energy 
K 2 Pb 4- ^He 4- energy 


Alpha particles have no electron cloud, and have a charge of +2 Once 

emitted, an u particle quickly takes up two electrons from any atom in the 

vicinity thus becoming a neutral He atom. The formation of He can be 
detected when a decay occurs. 


The mass of the parent nucleus must provide both the mass of the 
aughter nucleus and that of the a particle, plus the small amount of mass 
wh.ch is converted into energy. I, can be calculated from the mass of the 
nucleus whether a decay in any element is energetically possible. Natural 

Tmo" tlVI *^ | S °u ^ P oss '^ e am °ng elements with mass numbers greater than 
209, as only these elements have the required energy. Converselv 209 is the 
largest number of nucleons which will fit into a stable nucleus.' 

It ejection of one a particle does not completely stabilize the nucleus 
t en urt er a particles may be emitted. However, a decay raises the NIP 
ratio so it is often followed by p emission 

Nuclei of mass number above 230 may undergo spontaneous fission, 
orming two lighter nuclei. Thus two elements of lower atomic number arc 


vjoui ii k jy wui i ivjuui ii iv-ri 


RADIOACTIVE DECAY SERIES 


formed. Elements ol low atomic number have a smaller NIP ratio, so some 
neutrons »i e e t over after fission. Most of these neutrons are emitted, 

but a ew ma -' c an ?^*° protons with p emission. The neutrons emitted 
may be captured (absorbed) by another nucleus. This nucleus then 
becomes unstable and itself undergoes fission, liberating more neutrons. 
Thus a chain reaction has been started. 

Alpha decay occurs only very rarely with nuclides with Z < 83 (atoms 
!g ter t an i . owever. the great stability of the a particle causes a few 
very light, unstable atoms whose nuclear composition corresponds to, or 
nearly corresponds to. two or three a particles to undergo decay. When 
4 Be undergoes this type of a decay the energy released is 0.09 MeV. 

uBe —<► 2(iHe) + energy 

iLi —► 2(i He) + _ Ve + energy 


RADIOACTIVE DISPLACEMENT LAWS 

1* Emission of an a particle produces an element which is four mass units 
lighter and the atomic number decreases by two. The daughter element 
is therefore two places to the left of the parent in the periodic table. 

2. When a p particle is emitted the mass number remains the same. 
However, the atomic number increases by one and the new clement is 
one place to the right of the parent in the periodic system. These 
changes are shown in the following series: 



RADIOACTIVE DECAY SERIES 

The heavy radioactive elements may be grouped into four decay series. 
The common radioactive elements thorium, uranium and actinium occur 
naturally and belong to three different series named after them. They are 
the parent members of their respective series and have the longest half life 
periods. They decay by a series of a and P emissions, and produce radio¬ 
active elements which are successively more stable until finally a stable 
isotope is reached. All three series terminate with lead (^"’Pb, 2< H ']Pb and 
: "$Pb). Following the discovery of the artificial post-uranium elements, the 
neptunium series has been added, which ends with bismuth, 2 lfiBi. 

Thorium (4 n) series 
Neptunium (4n + 1) series 
Uranium (4 n + 2) series 
Actinium (4 n + 3) series 

The numbers in brackets indicate that the parent and all the members of a 
particular series have mass numbers exactly divisible by four, or divisible 
by four with a remainder of one. two or three. There is no natural cross- 
linking between the four series, although this can be performed artificially. 
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a JlPb ' a gfTI ' 


Neptunium (4n + 1) scries 



20»T1 4 


Uranium (4n + 2) series 



Actinium (4n + 3) series 



207 T 1 * 


poss^TTs ^ ‘He lighter element, I, is 

radioactive elements win * 0 detecl * n g instruments increases, other 

'SC and ?‘K The -K ^ f ° U " d ° f ,hese ‘ the most tmportan. are 

created, ll „«,«£one a Z<T formed " hc " ' h "”' h was 

This isotope only constitutes 0 (Sf '°/ S '° n8 half life ofl 25 x l0 * years 

r nstttutes 0.01 % of naturally occurring potassium. but 



- induced nuclear reactions _ 

' ,s th rrx: akes liv '^ 8 tissue a PPreciably radioactive. It may decay 
either by p emission or K capture. 77 


2oCa 


K capture 


uiAr 


! ^C has a half life of 5720 vearc onH o„., 

have decayed before now The fact thar^T 8103 -* pi jf Sent in lhe earth wil1 

been produced since the earth w K (ol27?r' S 7" mUSt haVe 

from the action of the neutrons ^ ‘ C ‘ S produced continuously 
atmosphere This *" ** 

'?N + An - 'iC + |p 

dadng’T POrtam ^ radi ° Carbon da,in 8 ( see Chapter 12 under ‘Carbon 
INDUCED NUCLEAR REACTIONS 

Many nuclear reactions can be brought about by bombarding the nucleus 
wth y rays or various particles. The particles include electrons neutrons 
pro ons, a particles or the nuclei of other atoms such as carbon The nuclei 

" “ >k o,bi,.l d.,„„„ s rtmoved ™ S3 

?tnpped carbon . The particle may be captured by the nucleus (fusion) or 

bombardment"^ ^ ^' dependin 8 on the conditions of the 

Natural radiation may be used to induce nuclear reactions, but this limits 
the energy of the bombarding particle. More usually the charged particles 
are accelerated by a high voltage using a linear accelerator, or by alternate 
attraction and repulsion using a cyclotron or a synchrotron. (There are 
very large accelerators at CERN in France and Switzerland, at Berkeley 
USA and in the USSR.) In this way particles can be accelerated, giving 
them a very high kinetic energy which can be used to promote the nuclear 
reaction. This high energy is necessary to overcome the repulsion between 
a positively charged nucleus and a positively charged bombarding particle. 
Neutrons have no charge so they would not be repelled by the nucleus, but 
the absence of a charge means that they cannot be accelerated in this 
manner. Thus neutron bombardment can only be carried out using 
neutrons produced by nuclear reactions. 

Some nuclear transformations are given below. 

“N + iHe-> ,7 h O + iH 
f?AI + ^He - J!iP + An 
i?Na + |H - f^Mg + An 
'AilCd + An -» '{JCd + energy 

In the first example the nitrogen is bombarded with a particles and a 
proton is formed. This is described as an (u,p) reaction. An alternative 
w ay of writing the reaction is: 
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This reaction was first carried out by E. Rutherford in 1919. and this was 
the first induced nuclear transformation. (He was awarded the Nobel Prize 
for Chemistry in 1908.) The second example was carried out in 1932 by F. 
Joliot and Ir£ne Joliot Curie and is an (a, n) reaction. (They were awarded 
the Nobel Prize for Chemistry in 1.935.) 




In a similar way the third example is a (p.n) reaction. In the last example 
the energy is emitted as y rays, and so this is an (n.y) reaction. The nuclei 
formed in this way may be stable, or may subsequently decay. The 
transuranic elements are all obtained by bombarding a heavy nucleus with 
a particles, stripped carbon, or the nuclei of other light atoms to produce 
an even heavier nucleus. 


NUCLEAR FISSION 

Very heavy nuclei have a lower binding energy per nucleon than nuclei 
with an intermediate mass. Thus nuclei of intermediate mass arc more 
stable than heavy nuclei. When a slow neutron enters a nucleus of a 
fissionable atom such as uranium (which is already distorted) the extra 
energy may cause the nucleus to split into two fragments and spon¬ 
taneously emit two or more neutrons. This is called fission. The fission 
process results in the release of large amounts of energy (about 8 x 10 y kJ 
mol ). In the case of ^U, several different primary fission products are 
formed, depending on exactly how the nucleus splits up. Three of the more 
common reactions are: 

/»Ba + ^Kr + 2(/,n) 

+ An -h ► l y5l + ‘jjy 4. 3(on) 

^'vSCs + t^Rb + 4 (on) 

Note that the daughter nuclei formed fall into two classes. The heavier 
group have masses from 130 to 160, and the lighter group have masses from 

80 to 110. It is rare for the two daughter nuclei of about the same mass to 
be formed (Figure 31.3). 

The total mass of the fission products is some 0.22 mass units less than 
t e mass of the uranium atom and neutron. This corresponds to an energy 
rkf aSC j 5 . over 200 MeV. This j s more ^ an twelve times the energy 
* ra ^ e a norma l nuclear reaction. The complete fission of lib 

g) o uranium releases as much energy as the explosion of 8000 
tonnes of TNT. K 

The nuclei formed as primary fission products have a high neutron to 
proton ratio, and decay by p emission to lower this ratio. Usually several 
such steps are required before a stable nucleus is obtained. Thus each of 
the primary decay products is associated with a decay chain, for example: 










SY 


liiZr 


4?Nb 


.. t0n . -.. «ivio (stable) 

About 90 decay chains have been iden.ifi^ f 

a total of several hundred different nuclides' 0 " 1 *** fission of «ivmg 
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Mass number 

g 31.3 Percentage yields of elements from slow neutron fission of “J?U. 


Chain reaction 

One fission reaction can cause another. The neutron produced by a fission 
will either: 

1. Cause another nuclear fission reaction. 

2. Be lost from the fissionable material 

3. Be used in a non-fission reaction. 

When neutrons produced in fission reactions initiate new fissions, this is 
called a chain reaction. There are two major applications of chain reactions 
~ the atomic bomb (A-bomb) and nuclear powered electricity generating 
stations. 

If more than one neutron per fission causes another fission we have a 
branched chain reaction, and a rapidly increasing release of energy takes 
place. This is what happens in the atomic bomb. In a nuclear reactor, 
control rods are used to absorb some of the neutrons, so that on average 
only one neutron per fission causes another fission. A chain reaction of this 
kind is self-perpetuating. The energy is released at a slow enough rate to be 
used. 
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Critical mass 

There is a minimum amount of fissionable mater,a that can produce a self- 
rhain reaction. This is called the critical mass. The critical mass 


depends on several factors: 

1. The purity of the sample. 

2. The density of the material. 

3. Its geometric shape, and its surroundings. 

These all affect the neutron propagation ratio. If the sample is impure, 
many neutrons will be lost through colliding with non-fissile atoms. The 
more dense the material the greater the chance that neutrons will collide 
with another nucleus. The shape of the sample is also important since 
neutrons are more likely to escape from a long thin strip of material than 

from a sphere. 


THE STORY BEHIND PRODUCTION OF THE ATOMIC BOMB 

Nuclear fission of heavy nuclei was first achieved in Berlin in December 
1939, and in 1944 Otto Hahn received the Nobel Prize for Chemistry for 
this work. The first German reactor (sub-critical Pile B-III) was sur¬ 
prisingly housed in the ‘Virus House’ at the Kaiser Wilhelm Institute for 
Biology at Dahlem. At that time nuclear reactors were called atomic piles, 
and the German reactor consisted of alternate layers of uranium metal and 
paraffin wax in an aluminium sphere which was immersed in water. 
Though the pile contained 551kg of uranium, it was sub-critical. This 
means that less than one neutron produced from each fission caused 
another fission. Thus a neutron source was placed in a chimney at the 
centre of the sphere to keep the pile running. 

Two years later Enrico Fermi made a pile go critical (self-supporting) at 
the University of Chicago, USA. (Fermi was an Italian, and was awarded 
the Nobel Prize for Physics in 1938, for producing new radioactive 
elements by neutron irradiation. He fled from World War II and Fascist 
Italy to the USA.) The Chicago pile consisted of a huge block of graphite 
surrounded by several feet of high density concrete. Horizontal channels in 
the graphite were used to insert enough slugs of uranium to produce the 
chain reaction. Air was blown through to cool the pile and to remove the 
energy produced. One thousand kilowatts of heat were extracted. The pile 
was housed in the squash courts! Larger piles were then built at Clinton. 
Tennessee and Hanford. Washington. 

A secret military base was built at Oak Ridge in Tennessee as part of the 
Manhattan Projec. to conduct research into making an atomic bomb. 
Naturally occurring U consists largely of two isotopes. 99 3% of %"U 
which is non-fissile. and 0.7% of 2 ^U which is fissile. 


Separation of isotopes 

Enormous efforts were made to separate the isotopes to obtain sufficient 
nssile ~U to make a bomb. Four methods were used: 
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Thermal diffusion 

Two gases of different density are placed in a long vertical tube with an 
electrically heated wire down the centre of the tube. The lighter gas 
diffuses more readily towards the hot wire, where it is heated and rises in a 
convection current. Thus the lighter gas accumulates at the top of the tube, 
and the heavier gas streams downwards on the surface of the tube. 

Electromagnetic separation of VCl 4 using a mass spectrometer 

Ions must first be produced by bombarding the sample with electrons at 
low pressure. The ions are attracted by a high voltage across a vacuum 
chamber. A magnetic field deflects the particles by different amounts 
deoending on their mass. This method can deliver pure isotopes, and 

though it is primarily used for small quantities, kilogram quantities have 
been produced. 


Gaseous diffusion of UF 6 

UFf, is gaseous above its sublimation temperature of 56°C. The gas is 
pumped through thousands of filter barriers (pinholes) in the enrichment 
process. The slightly smaller 235 U passed through the barriers a little more 
easily. The rate of diffusion of a gas is determined by Graham’s law of 
diffusion: 


rate of diffusion = KI\TD 

where K is a constant and D is the density of the gas. The vapour density is 
equal to the molecular weight/2. Thus the rate of diffusion of 235 UF 6 is 
marginally faster than that of 23H UF 6 by a factor ^(352/349) = 1.0043. This 
operation is repeated many thousands of times by pumping the gas in a 
cascade process. After each stage the lighter fraction is passed forwards 
and the heavier fraction backwards. Gaseous diffusion plants are very 
large. The K25 building at Oak Ridge housed the original gaseous diffusion 
plant and occupied 10 6 square feet of floor space. A second plant was built 
at Hanford in Washington State. The method uses an enormous amount of 
electrical energy. (The Oak Ridge site had two advantages in the wartime 
period. Its remoteness and low population were advantages as the work 
had unknown hazards. In addition cheap electricity was available from 
numerous hydroelectric power stations built in the Tennessee valley in the 
1930s to make work during the years of the depression.) Gaseous diffusion 
was once important but now is only carried out at one site in the USA. 

Using a gas centrifuge to separate 2i 'UF 6 and 2]H UF 6 

This has subsequently become the method used in the UK and the 
Netherlands. Centrifuges rotating at 1700 revolutions per second con* 
centrate 235 UF„ towards the centre and : ' H UF„ towards the walls of a 
eylindrical centrifuge. 


\ 
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There were immense difficulties in obtaining a sufficient quantity of - U to 
make a bomb. The critical mass depends on the purity, and the bomb had 
to be light enough to carry in an aeroplane. 

Meanwhile a second fissile element plutonium Pu was discovered by 
Glenn Seaborg at the University of California (Berkeley) in 1940. Pu is 
produced by irradiating the relatively plentiful ~ K U with neutrons in a 
nuclear reactor. 

23|u + in _ 2 gNp-L_ 2 ^Pu 

i f/z 23.5mm f, 7 2 3d.iys 

All isotopes of Pu are fissile, and Pu became important as a nuclear fuel. 
Work on plutonium was mainly carried out at Hanford. 


Bomb making 

A third site at Los Alamos (New Mexico) concentrated mainly on the 
technical problems of how to make bombs. The problems are how to 
transport sub-critical masses of Pu or U in an aeroplane, and combine them 
to give a critical mass when over the target. Then the material must be 
contained for a long enough time for the nuclear reaction to occur. 

In the case of the Pu bomb an implosion device was used. Several sub- 
critical masses of 2W Pu were placed round the edges of a sphere and sur¬ 
rounded by high explosives. The conventional explosives were detonated 
The implosion blew the sub-critical masses of Pu into the centre where they 
formed a critical mass. The force of the explosion held the Pu together for 
long enough for a nuclear explosion to occur. The first atomic bomb used 
this principle and was tested on a 100-foot-high tower at Trinity in New 
Mexico at 5^29 a m. (just before sunrise) on 16 July 1945. It worked' Fermi 
estimated that the temperature.produced was four times that at the centre 
of the sun. and a pressure of over 100 billion atmospheres was produced 
The radioactivity emitted was a million times greater than from the world's 

otal radium supply. Parts for another similar atomic bomb were shipped to 
the Far East to be assembled and dropped on Japan PP ^ 

Meanwhile sufficient *»U to make a bomb had laboriouslv been 
col ected. The most practical way to make a bomb was to use a gun barrel 
and shoot a sub-critical mass of ;,, |J down the h irrei ^ 

critical mass at the end of the barrel This had not bee ,n ° ano,her sub- 
then there had no. been enough ‘"U f or a 1, p ^ S ‘" Ce UP ,i " 
bomb were shipped to the Far East. artS l ° assemh,e lhis 

The Pu bomb was called ‘Fat Man' and in . o • L 

inches in diameter, and weighed 10 800 lb The h k mches ong and 60 

doors on the bomb bay of the aeropSe had to ™ ‘ he 

in and to allow i, to be dropped The u bo k 7* '° ^ ‘ he b ° mb 

was 10 fee, long, bu, only 28 inched lit V”*™* B °>'‘ and 
smaller diameter allowed i, , 0 fi, j n t l 'f ' ^ ? ,ghed 8900lb ' The 
use the U bomb firs,. hC aero P lane - “"d made i, posstble to 

The U bomb Little Bov was dropped on Hiroshima on 6 August 1945. 
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The yield was equivalent to 13 kilotonnes of TNT. Four square miles were 
devastated, and there were 70000 immediate deaths. On 9 August 1945 the 
pu bomb Fat Man’ was dropped on Nagasaki. The yield was equivalent to 
23 kilotonnes of TNT. Two square miles were devastated, and there were 
45000 immediate fatalities. 

NUCLEAR POWER STATIONS 

A nuclear power station consists of a nuclear reactor in which a controlled 
chain reaction occurs using either U or Pu as fuel. The heat produced is 
extracted from the reactor and used to generate steam, which drives a 
turbine and produces electricity. The earliest nuclear reactors were built to 
irradiate U and produce plutonium for bombs, and for experimental 
purposes. The first commercial nuclear power station was commissioned in 
1956 at Calder Hall (Cumberland, UK). In 1989 there were over 120 
nuclear power plants in the USA and over 400 in the rest of the world. 
France produces two thirds of its electricity from nuclear plants. 


Table 31.2 Countries with 

seven or more nuclear plants 

USA 

129 

Spain 

IK 

France 

67 

Czechoslovakia 

13 

USSR 

61 

Sweden 

12 

UK 

42 

India 

10 

Japan 

42 

Korea 

9 

West Germany 

2K 

East Germany 

7 

Canada 

22 




Moderators 


Neutrons can only be obtained by nuclear reactions, and they are divided 
into three groups depending on their kinetic energy: 

1. Slow neutrons, with an energy < 0.1 eV 

2. Intermediate neutrons, with an energy 0.1 eV to 2 MeV 

3. Fast neutrons, with an energy > 2 MeV 


Neutrons ejected from a nucleus usually have a very high energy and are 
called ‘fast neutrons'. These travel so fast that they escape. Slow neutrons 
are needed to cause fission and maintain a chain reaction. 

In a thermal reactor a moderator is used to slow down some of the fast 
neutrons. The neutrons collide with the nuclei of the moderator and thus 
lose some of their kinetic energy. The best moderators are light atoms 
which do not capture neutrons, for example 7 H. 2 He. 4 Be and^c. 
Graphite is the most widely used. Heavy water D 2 0 which contains ,H is 
also used. Sometimes ordinary H 2 0 is used. Be and He are not used 
because Be is poisonous and expensive, and He. being gaseous, is no 
sufficiently dense. Fast breeder reactors do not use a moderator. 
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Fuel 

Early reactors used uranium metal. Most thermal reactors now use U0 2 as 
this has a higher melting point and is less chemically reactive. Natural U 
may be used as fuel (99.3% 238 U and 0.7% 235 U). However, it is usual to 
enrich the fuel to between 2% and 3% 235 U to allow for sohne neutrons 
being absorbed by the metal case cladding the fuel rods, or by the 
moderator. Enriching U reduces the critical mass, and hence the size of the 
reactor. However, it is very expensive. Enrichment beyond 3% is only 
carried out for military purposes - to make bombs or for special small high 
temperature reactors for submarines. The latter use UC 2 enriched to over 
90% as fuel. 

Fast (breeder) reactors use plutonium oxide as fuel. They have no 
moderator, so the fast neutrons produced can convert non-fissile 238 U into 
fissile Pu by the reactions: 

23 ;u + ( ',n - 2 £u + y 
2 %\J - 2 £Np + J/e 
2 $Np - 2 JJPu + _Ye 

More Pu is produced than is used: hence the name ‘breeder reactor’. 
Sometimes thorium (which is non-fissile) is incorporated into the fuel. 
When this is irradiated with fast neutrons, the isotope 2 jJ 2 U is formed, and 
this is fissionable by slow neutrons. 

2 i 2 ,u + An - 2 ilTh + y 
2 ilTh 2 J|Pa + _Ye 
2 3?Pa -> 2 J!U + -Ye 


TYPES OF REACTOR IN USE 

Gas cooled thermal reactors (all use graphite as moderator) 

Magnox reactors 

These use U metal rods as fuel, enclosed in a Mg/Al (magnox) casing. The 
fuel is natural, i.e. not enriched, and C0 2 gas is used as the coolant. Most 

of the early reactors in the UK are of this type. These are now nearing the 
end of their life. 


Advanced gas cooled reactors (AGR) 

These use UO> pellets enriched to 2% as fuel, with CO, as the coolant. 
High temperature reactor (HTR) 

These are used for military purposes such as submarines. The fuel is UC 2 . 
which is enriched to over 90%. thus allowing the reactor to be small. The 
coolant is He. and the control rods arc made of Cd. 


--FUSION --— 

.. 7 — 

Canadian deuterium urar 2 ° as n,od «a«or) 

“ h ' > '“ ss-*-* uo ' *■ 


- --wlant. 

/ ressunzed water r * 

ater reactor (P\ VR) 

These are a US desic . 

p-irs rir ,o 3% * w- 

stainless stee. surround CS e *" d - «ypica.. y 

Boiling water reactor (B \X'R) 

This is similar io the PWd 

not be so strong. P urc ‘ and so the reactor casing need 

am generating heairy water reaaor (SCHWR) 

These use UO, pellets enriched to 2 V>/ , , . 

and H.O as coolant ° uc *- W| lh D,0 as moderator 

br«d„ „ h ,„ „ u „ ^ m „ dmiOT) 

Snsss jras,? rr reac r ^ ^ 

a iss 

P ced than is used in the process. Potentially this process could provide 
dn unlimited source of energy. 

In Great Britain there are three generations of nuclear power stations: 

J* ^be ageing Magnox reactors (British design). 

-• The second generation advanced gas cooled reactors (British design). 

• A limited number of American designed pressurized water reactors. 
These are claimed to be the design which will be used into the twenty- 
hrst century. However, the cost, the time taken to commission and the 
safety aspects (particularly of the pressure casing) of these PWRs have 
been called into question. 

NUCLEAR fusion 

Nuclear fusion is the process of releasing energy from matter, which occurs 
‘ n *hc sun. the stars and the hydrogen bomb During fusion, aloms of light 
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. ™ heavier elements. The binding energy per 
elements combine to form elements of intermediate 

nucleon for light elements ts less than haUor ehem nucleus 

mass. Thus the fusion of two light fus , on and fission are 

and a large amount of cnerg. energy. In fusion, light atoms are 

methods of releasing large am n heavy radioac , jve 

combined to give heavier elements wniis.i 

atoms are split into atoms of n involves the isotopes of hydrogen: 

The simples, nuclear fusion of energ 7 IS required to 

deuterium ,H and tritium ,fT 8 charged nuclei to get them 

nvprrnme the rCDUlsiOH between the pOSItl £ 

ZTZS -r - 

n z “ 11»“ « ,™ P «„ J 

IroughlyTo^ K) If deuterium and mourn are heated to a temperature of 
over a million degrees a gas plasma is product a * p 

of matter, which is composed essentially of gaseous on ^ ^Tecoonl 
free electrons.) Since the atoms have been stripped of their electrons 
comsions will be between nuclei. Some nuclear co.hsions will occur w„h 
enough energy for the nuclei to approach closely enough to experience 
each others’ ftrong attraction, and a fus.on reaction occurs fUe mass lost 
in this reaction is converted into energy accord.ng to Einstem s equation 

E = me 2 . 

J H + — iHe + An + energy 

This fusion reaction has a relatively low ignition temperature, and 
produces a large amount of energy Deuterium is available from natural 
sources, but tritium is difficult to obtain and is extremely expensive^ 
Tritium could be generated in a fusion reactor by bombarding a blanket of 

lithium with neutrons: 

> + $Li - JH + iHe 
in + jLi - ?H + iHe + in 

Similar reactions are earned out using only deutenum. but these reactions 
require a temperature of several million degrees Several reactions could 
occur, of which the simplest are: 

‘H + jH -> + jH + 4.0 MeV energy 

\H + jH — ^He + |n 4- 3.3MeV energy 

Fusion is in principle a thermal reaction not inherently different in its 
kindling from an ordinary fire. Unlike fission, it does not require a crit 
mass. Once ignited its extent depends on the amount of fuel availa 
However, for fusion to occur, extreme physical conditions must 

achieved: 

1. A very high temperature must be attained. 

2. Sufficient plasma density is required. 
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Thermonuclear weapons 


The only fusion process- 

hydrogen bomb and other * m ? d ° Ut su ««sfully ou earth . u 
temperatures and htgh densU, ' hermon ^kar W e p^ ^ been «* 
reactions have been! ,t,es required to hrino u The ver V hi gh 
homb This he *\ '°T ^ of ? 1 .T nUC ' ear fusi °" 

temperature to start rh ^ ° f l,ghler elements to 1 U f r ^ n,um fis S'on 
bombs. These are n / fus,on reactions in the hv i suffic »enily high 

ergy releas e as 26000 tonnes ofTNT' Um W ° Uld resu " in ,he same 
Controlled fusion reactions 

£» s s m „t r.t t “•" - hi '" 

two Z L S ? lld ? Va P° nzed a " d ‘he plasma cools down rapidly The 
Plasma conststs of charged par,teles moving a, htgh s " ed jt 'Tk! 

shaped 6 ^ a magnel,C ficld * P,asma can be contained inside a doughnm 
obtain boUle ’ (The extremely high magnetic fields required are 

allov . W, .‘ h elec,roma 8 ne,s “s.ng a superconducting niobium/titanium 
toy cooled in liquid helium to about 4K.) Inertial confinement involves 

e rapid collapse of the fuel container to make the fuel so dense that the 
fusion reactions occur. Alternatively laser fusion can be used, when high 

powered, pulsed laser beams are used to heat and compress small ‘pellets’ 
of fuel. 

ft is just possible that fusion may be achieved by some totally different 
technique without using plasma to attain the high energy conditions. There 
was great excitement in March 1989 when Fleischmann and Pons claimed 
to have achieved ‘cold fusion’ in the laboratory at the University of Utah, 
USA. They electrolysed 99.5% enriched heavy water D 2 0 made con- 
acting by dissolving in it some LiOD (D is ]H). Heat appeared to be 
generated, and this w^»s attributed to D-D fusion. In a similar experiment 
Jones at Brigham Young University claimed neutrons were released. 
Unfortunately they were wrong. 




Scanned by UamScanner 


S[ 


THE ATOMIC NUCLEUS 


Another interesting technique which may show promise is to replace an 
electron in a molecule by a negatively charged muon which weighs 207 
times as much as an electron. This should reduce the D-D spacing by a 
factor of 200 which should make fusion easier. 

Nuclear fusion holds the promise of being an important future source of 
energy. World energy consumption is high, and fuel resources are finite 
and limited. Oil and natural gas reserves may well be exhausted in 50 
years. Coal may last rather longer, perhaps 200 years. Uranium resources 
are finite, and the use of nuclear powered electricity generating stations 
will only delay an eventual energy shortfall. All these fuels pose environ¬ 
mental problems. Fossil fuels (oil, gas and coal) contribute to the 
Greenhouse Effect and acid rain. A long term energy replacement needs to 
be found. There is concern over the safety of nuclear power stations, and 
even greater concern over the storage of nuclear waste products. If fusion 
can be fully developed: 

1. The fuel for fusion (hydrogen) is almost infinitely available. 

2 . The nuclear processes in fusion are inherently safer than those of 
fission. 

3. Fusion promises to have minimal pollution problems. 

4. Difficulties with spent fuel rods and reaction by-products are far less 
than with fission. 

Fusion is an advancing research programme, but many breakthroughs 
are required. The severe and demanding conditions for controlled fusion in 
the laboratory have yet to be achieved. If a controlled fusion reactor can be 
built it will suddIv almost unlimited power 


THE GENESIS OF THE ELEMFNTS 

It IS an interesting philosophical point to consider how the universe wa 
formed, how the various elements were formed, and why the differer 

elements and their individual ""topes occur in the relative abundances w 
observe on earth. 

The Doppler effect provides evidence that the universe is expandini 
Light from the outermost galaxies has a longer wav'- than expected 
that is it is towards the red end o' ...e spectrum, because these galaxies ar 

moving away from us. There are several theories for the origin of th 
universe. b 

The -steady state theory' suggests that hydrogen is created continuous! 
to fill the gaps in space created by rhe expanding universe. The oth< 
elements are formed from hydrogen by nuclear reactions. 

The ‘big bang theory' is currently the most favoured. It assumes that a 
the matter in the universe was packed as elementary particles into 
nucleus of immense density, temperature and pressure. This explodei 
cnce t e name big bang, and dispersed the matter uniformly throughoi 

space as neutrons. The neutrons then decayed, giving protons, electroi 
and anti-neutrinos. 
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on -* |p + _^e + v 

During the big bang and the fireball which followed, temperatures of 
10 6 -10 9 K occurred, and in the first hour or so a number of nuclear 
reactions occurred: 

|H + in - ?H 
?H + 1H - jHe 
pHe + in — }He 
:He + in -> j'He 

The isotope ]He has a half life of only 2 x 10 ~ 2l s, so building progressively 
heavier nuclei by the sequential addition of neutrons or protons stopped at 
this point. Once the temperature had fallen all of these reactions stopped. 
Thus most of the universe was in the form of H, with a small amount of He, 
and from this matter the galaxies of stars condensed. 

Regardless of the origin of the universe, it is generally accepted that 
heavier elements may be produced by reactions in the stars. H still 
accounts for 88.6% and He for about 11.3% of all the atoms in the 
universe. Together these constitute 99.9% of the atoms, and over 99% of 
the mass of the universe. 

The first process in the synthesis of heavier nuclei in stars is hydrogen 
burning. Stars are extremely dense (10*gcm" 3 ) and there is an enormously 
large gravitational force. Some of this force is converted into heat and the 
temperature rises to about 10 7 K. It has been mentioned previously (under 
‘Nuclear fusion ) that this temperature is sufficient to overcome the 
repulsion between two positively charged H nuclei, and so these nuclei can 
undergo nuclear fusion, forming deuterium. 


I 


overall 



Energy evolved (MeV) 

|H + |H —• ?H + P* + v 

1.44 

?H + |H —* i'He + r 

5.49 

’He + jHe —* *He + 2(|H) 

12.86 

4(|H) - jHe + 2P* + 2v + 2y 


rhe process is exothermic. A small amount of mass is lost and energy is 
solved. Thus more stable nuclei are formed. The process is so k.w^ Th 
■un is estimated to be 5 billion years old, but still has about 90/o of the 

^hydrogen is used up. helium accumulates in the core. The tem- 

teat The star is cooler than before and is called a red giant. The co e 
eventually collapses under intense pressure and the temperature rises 
} ver 10"K. At this point the nuclei begin to luse. 


I 
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jHe + —► jBe + y 

The nuclei formed in this way fuse with more He: 

JBe + — '1C 4- y 

'1C 4- ^He —> 'SO + y 

'SO 4- 5He —> ?JjNe 4- y 

These reactions use up the He in the core and replace it with C, O and Ne 
When most of the H and He have been used, small stars contract and 
become hotter and are called white dwarfs. 

However, in larger stars (1.4 times the mass oi the sun or greater) 
contraction gives even higher temperatures than before (6 x 10* K) and a 
carbon-nitrogen cycle occurs, involving the reaction of these elements 
with hydrogen, provided some 'j;C is available as catalyst: 


‘£C + 

x lc + 

'$N + 
4- 


H 

H 

H 

H 


SN + v 

'$N + y 

+ y 

2 »e 4- '2 C 

_I 




- ftL 4- [^ + V 


, 5 0 ^.5 


7 N 4- j}* 4- v 


overall 4(|H) — $He 4- 2p* + 2v + 2y 
In addition these nuclei may fuse with helium: 


l lC + ^He - ‘JO 4- y 
l «0 4- 2 He —* foNe 4- y 
ioNe 4- jHe — ?$Mg + y 

At these temperatures carbon and oxygen burning may occur: 

'2c 4- 'ic - 5^Mg 

or ifNa 4- JH 
or foNe 4- ^He 
l 80 + lo - ?‘s 4- in 
'So 4- 'So - f2Si 4- jHe 
'ftC 4- *He —* l ^O 4- y 
'SO 4- jHe -+ i[}Ne 4- y 


*® ,c . star I* 12 )' contract further and the temperature rises to 

changes has ,S fJ?°. ,nl * e Y radiation produced in many of the nuclear 
changes has sufficient energy to promote end^hermic reactions such as: 

ioNe 4- y -► 'Jo 4- ^He 
The He so produced reacts further: 
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$Ne + jHe £Mg + y 
?JSi + 4 2 He-?fc + y 
iIS + 2 He -► $Ar + y 
gCa + 2 He -» ^Ti + y 


These fusion reactions are exothermic up to 2 <!Fe, and Figure 31.2 shows 
that the binding energy per nucleon increases from H up to Fe, and then 
decreases with the heavier elements. 

The discussion so far explains why H and He make up so much of the 
universe. The most abundant and stable nuclei up to atomic number 20 
have a 1:1 ratio of neutrons to protons, e.g. 2 He, ‘tN, ’gO, ? 2 Mg and 2 oCa. 
Most of these (except N) have an even number of neutrons and an even 
number of protons (even atomic number) A few light isotopes are common 
and abundant but do not have a 1:1 NIP ratio, e.g. 'qF, nNa and ijAI. 
These elements have an odd atomic number and hence an odd number of 
protons, but they have an even number of neutrons. These odd-even 
nuclei are more stable than the corresponding odd-odd nucleus which has 
a 1:1 NIP ratio. The elements Li, Be and B are of very low abundance 
compared with their neighbours. It is surprising that they occur at all since 
the small amounts produced by H and He burning are converted into 
heavier elements. The small amounts that are found are probably 
produced by spallation reactions where cosmic rays collide with C, N and O 
nuclei and cause them to break into lighter nuclei. This is sometimes called 
the x-process. A number of elements such as ‘^C, 'gO and ?oNe are more 
abundant than their neighbours, and they differ by a $He nucleus, which 
reflects their mode of formation by fusing-with helium. The nucleus 26 Fe is 
particularly abundant because it has the largest binding energy per 
nucleon. It is thus the most stable nucleus and is formed by fusion. The 
abundances of the elements preceding Fe (Sc, Ti, V and Cr) are also higher 
than expected, and this is probably due to spallation reactions where high 
speed cosmic rays collide with Fe, producing Sc, Ti, V or Cr as well as 


some Li, Be and B. 

Nuclei heavier than are endothermic, and can only be produced by 
supplying energy. Thus it becomes increasingly difficult to make these 
elements by fusion. The heavier elements are synthesized by neutron 
capture reactions in stars. There are two main processes by which this may 
occur, called the s-process (slow neutron capture) and the r-process (rapid 


neutron capture). ,, . _ . f#% 

In the slow neutron capture process neutrons are one b one to 

the nucleus The addition of a neutron increases the NIP ratio, and 
eventually the addition of a neutron makes the nucleus unstable. Because 
of the long time scale the nucleus has time to decay, and the unfavour¬ 
able NIP ratio is corrected by P decay. Then the process is repeated and 

another neutron is added. 

/I 


“Fe + An - £Fe + An - rJFc + An 


SFe 


iCo + _Ve 
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The neutrons are produced in red giants and in second generation stars by 
the normal processes in the star, such as: 

'JC + "He -> 'SO + An 
or 'SO 4- 'SO - JAS + An 


The slow addition of neutrons can produce nuclei up to 2 J$Bi. There are 
much higher than expected abundances of elements round about mass 
numbers 90, 138 and 208, and the isotopes vlY and UtZr, 'JJjBa and 'ISCe, 
and 2 i? 2 Pb and 2 l£!Bi occur in relatively high abundance. In the discussion on 
the number of neutrons and protons in the nucleus at the beginning of this 
chapter it was noted that nuclei with 2 . 8 . 20 , 28, 50, 82 or 126 neutrons or 
protons are particularly stable, and that these numbers are termed ‘magic 
numbers’. The three clusters of elements with high abundances are close to 
the neutron magic numbers 50. 82 and 126. This means that they have 
unusually low neutron absorption cross-sections, so they do not capture 
neutrons very readily and hence their concentration builds up. The s-process 
produces the lighter or proton-rich isotopes of an element. 

A different source of neutrons occurs just prior to and during a super¬ 
nova period in a star. In this, big stars become extremely hot (8 x lO^K), 
and nuclei in the core break down into neutrons, protons and a particles 
which undergo a variety of reactions. The core contracts and eventually 
implodes, resulting in an explosion of the outer shell which scatters 
material out into space. In the r-process, many neutrons are added in a 
period of a few seconds, before p decay eventually takes place 

SFc + 13(An) - £Fe 
$Fe -> r 7 # Co + J*e 


The very he.ivy elements are produced in this way by adding manv 
neutrons at once, and traces of ’SJCf are present in stars, and this isotope is 
a so f„ rrntll during nuclear explosions. In a similar way the elements .„Es 

exnTosioT Th ferm,Um Were formetl Jur '"g hydrogen bomb 

rh o nT,? The r 'P roccss neutron-rich isotopes. It is also possible 

J "Ca mav°h' r f '""[TV SCVCral li * h,cr Slopes, e g. * 5 . fjca and 
^,Ca may be formed by the r-process. It is possible that proton capture 

D Drocess 0 an U d r , , . n “ °" a Ver * shor ' " me ^ale. This is called the 

and '' sn un . ’'C l " ; an * e ° f iso '°P es from SSe. '!,',Sn. 

anu s„ 5 n. up to KU Hg are formed in this wav 

nromethtm'.v U ! f lifC TT dS ° f a " ,he isoUl P« ot technetium and 
promethium explains why they are absent on earth. 


SOME APPLICATIONS OF RADIOACTIVE ISOTOPES 


The applications of radioisotopes are so numerous that only a small 
selection of them is covered here 

Measurements ot radioactivity are used to estimate the age ot various 
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of n| ant 6 0ccurs nalura Hy and is used in radiocarbon dating of materials 
calciiiotm an,ma or, gin. This is described in Chapter 12. It depends on 

surroundin * Np- C s ^ m P ,e was removed from free exchange with its 
• . ® ' 6 ,s produced continuously from the action of the neutrons 

a l* on nitrogen in the atmosphere. Whilst the plant or animal is 

1 Wl HaV ^ lhC Same P ro P° rtion of 'JC as the surroundings. When the 
p n or animal dies, the intake of radiocarbon stops and that already 
present gra ually decays. In a similar way helium dating may be used to 
s imate t e age of certain mineral deposits. Uranium minerals decay by 
emitting a P art ' c * es ' thus producing helium. One gram of U produces 

k °k 1 u -' n 3 ^ ear a 8 e °f the mineral can be estimated if 
ot t e and He contents are known. Corrections must be made for 

e esca Ping. an ^ f° r the production of He from other elements such 
as Th which may be present. 


Isotope dilution analysis can be used to determine the solubility of 
sparingly soluble materials. For example, a solid sample containing radio¬ 
active i^SrSOj and normal SrS0 4 can be prepared and the activity per 
gram measured. A known volume of a saturated solution is evaporated 
and the activity of the residue measured. Comparison of the activities 
gives the solubility. In a similar way the isotope has been used to 
measure the solubility of MgNH 4 P0 4 ■ 6H 2 0, and '&! has been used 
to measure the solubility of Pbl 2 . A similar technique can be applied to 
vapour pressures of rather involatile materials. 


Activation analysis is used to determine the amount of an element in a 
sample. The sample to be analysed and another sample containing a known 
amount of the element are placed in a nuclear reactor where they are 
bombarded (usually with neutrons). After irradiation for a suitable period 
(several times the half life of the expected radioisotope) the samples are 
removed from the reactor. The induced radioactivity in both samples is 
measured. The amount of the element present in the unknown sample is 
obtained from the ratio of the activities of unknown and standard samples. 
More than 50 elements (or strictly isotopes) can be determined in this way. 
The method is most used to determine trace quantities. It has the 
advantage that the sample is not destroyed, but the disadvantage that it 
requires access to a reactor. Not all elements can be determined in this 
way; for example, it is not feasible to determine C because ‘JC has a very 
low absorption cross-section for neutrons, though activation analysis of C 
can be performed by bombarding with deuterium in a cyclotron. 

Isotope exchange reactions provide information on the mechanisms of 
certain reactions. Thus exchange of ?D in heavy water D z O for JH in a 
compound occurs rapidly if H is bonded to N or O, but exchange is slow or 
hardly occurs in most cases where H is bonded to C. This is related to the 
mobility of protons and the higher polarity of N—H and O—H bonds. 


D 2 0 + RO—H ^ HDO + RO—D 


If labelled ^NHaCI is dissolved in liquid NH*. and the solvent evaporated, 
the activity from is evenly distributed between the NH 4 CI and the 
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NHj. Since ,J ,NH 4 CI ionizes into *$NH; and Cl", this provides evidence 
for the ionization of liquid NH3: 

2NH3 ^ nh; + NHJ 

Similarly the lack of exchange between in a solution containing 
labelled CN‘ and the complex [Fe(CN) 6 ] 3 ~ shows that the CN groups in 
the complex are not labile. Proof that the two S atoms in the thiosulphate 
ion S 2 O 3 are not identical can be obtained by heating labelled 3 ^S with an 
aqueous solution of sodium sulphite to form the thiosulphate. 

SO\- + IIS - llsso]- 

If the thiosulphate so formed is decomposed by treatment with acid, all the 
radioactivity returns to the sulphur, and none to the SO 2 formed. 

2H* + ]lSSO — S0 2 + US + H 2 0 

The isotope 27 C 0 emits both p and y radiation. It is used for y- 
radiography to detect cracks and flaws in metal parts such as pipes, aircraft 
parts and welded joints, for example in the pressure vessels for nuclear 
reactors. It is also used to irradiate malignant tumours in the body as one 
method of cancer therapy. 

The nuclide is used to locate brain tumours and also in the diagnosis 
and treatment of disorders of the thyroid gland. In the case of brain 
tumours, the isotope is incorporated into a dye and injected into the 
patient. It is preferentially absorbed by the cancerous cells, and the 
position of the tumour can be found by scanning the skull. For thyroid 
cases the patient consumes a low dose of this isotope as Nal. The 
radioactive I concentrates in the thyroid gland and can be measured by 
counting the y activity. 

Labelled NaCI solution which contains the isotope fiNa is injected into 

the veins to discover the location and extent of blood clots and other 
circulation disorders. 

SOME UNITS AND DEFINITIONS 

amu = atomic mass unit = ~ the mass of the U C carbon atom. 

Mass number = number of neutrons + number of protons. 

Mass of hydrogen atom |H = 1.007825 amu. 

Mass of proton Ip or jH = 1.007277 amu. 

Mass of neutron in = 1.008665 amu. 

Mass of electron = 0.00054859 amu. 

Mass of helium atom $He = 4.00260 amu. 

Mass of helium nucleus (a particle ?He) = 4.001 50 amu. 

MeV = million electron volts (IMeV = 9.648 x 10 7 Umor'). 

1 amu = 931.4812 MeV = 8.982 x 10 10 kJmor‘. 
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PROBLEMS 

1. What is the nature of the binding forces in atomic nuclei? How does 
the average binding energy per nucleon vary with the atomic number 

of the element? 


2 . 

3. 

4. 

5. 


Define the following terms: atomic number, mass number, isotope, a 
decay, 0 decay, y radiation, nuclear fission, nuclear fusion. 

In what way is the mode of decay of a particular nucleus related to (a) 
the ratio of neutrons and protons, and (b) t e size. 


xplain the terms mass number, isotopic mass and nuclear binding 
icrgy used in the description of an isotope. 

raw a diagram to illustrate how the binding cnergy per nucleon varies 
ith the mass number. Comment on the shape of the curve. 
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6. How would you work out the binding energy per nucleon for a given 
atomic nucleus? What is the significance of this value? 

7. Work out the binding energy per nucleon (in MeV per nucleon) for the 
isotope 2 f!Fe given the masses: * s<1 Fe 55.93494 amu, neutron 1.008665 
amu, proton 1.00783 amu, electron 0.00054859 amu. (Answer 
8.79 MeV per nucleon.) 

8. nNa is an unstable isotope of sodium with a half life of 15 hours 
Calculate the value of the radioactive decay constant. Explain how vou 
would attempt to predict the mode of decay. 

9. What is the radioactive displacement law? Illustrate the radioactive 
displacement law by reference to the four radioactive decay series 

10. Write equations showing how the following nuclei undergo a decav- 
(a) 2 $U, (b) 2 i 2 Th. (c) '^Bi. (d) 2 J*Rn. (e) 2 ”Po 

11. Write equations showing how the following nuclei undergo p decay: 
(a) ^Mg. (b) 2 JJPb, (c) ftNe. (d) ? 7 ‘Co. (e) “C 

12. Write equations showing how the following nuclei undergo electron 
capture: 

(a) (b) jBe, (c) 55Ge, (d) *VfSb, (e) ^Se 

13. Write equations showing how the following nuclei undergo positron 
P* emission: 

(a) 'H (b) '$F, (c) nNa, (d) tfNe, (e) $J!Zn 

14. Write an equation to show what would happen if a nuclide j^Fm 
underwent spontaneous fission producing two identical daughter 
nuclei and liberating four ueutrons. Write another equation assuming 
that the daughter nuclei differ from each other by 40 mass numbers. 

15. In the naturally occurring uranium decay series, the nuclide 
decays in succession by a, p, p, a, a. a, a. p decay. Write an 
equation showing the mass numbers, atomic numbers and symbols for 
the nuclides formed by these decays. 

16. In the naturally occurring thorium decay series, the nuclide : gf,Th 
decays in succession by a, p, p, a. a. a. P decay. Write an equation 
showing the mass numbers, atomic numbers and symbols for the 
nuclides formed by these decays. 

17. The following reaction is one of the processes which occurs during 
fission: 

■.jsU —► '^Ce + ioZr + An + 6_Ve 

Given that the masses are: U 235.0439 amu, Ce 139.9054 amu. Zr 
93.9063 amu, n 1.008665 amu, e 0.00054859 amu. calculate how much 
energy is released in MeV per fission. (Answer: 205 MeV per fission.) 





,8 ' dropped'on 7^*""“* be,ween ,he ,wo 3to ™ **”"* «•»« -re 

19 ' <3) chain reaction'.^* 3 ^ rCaC,i °" 3nd 3 branched 

(b) What is a moderator? Give examples. 

C ,h?!!v "I’ 3 ' * he Cri, ' Cal mass of 3 fissile material's. a nd why does 
the critical mass vary ? 

20 *enere\ TC ** PrOCCSSeS of nuclear fissi °n and fusion as sources of 

21 process'* ,he ener8> re ' eaSed MeV per fusion in ,he fol| owing 


ID + |H —* ?H 

f' Ve " ' h , a '' he alomic "lasses are: ; D 2.01410 amu. *H 1.007825 amu, 
-He 3.01603 amu. (Answer: 5.5MeV per fusion.) 

Explain how nuclei heavier than uranium can be prepared. 

23. List uses for radioactive isotopes. 
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Spectra 


Electronic spectra from transition metal ions and complexes are observed 
in the visible and UV regions. Absorption spectra show the particular 
wavelengths of light absorbed, that is the particular amount of energy 
required to promote an electron from one energy level to a higher level, 
whilst emission spectra show the energy emitted when the electron falls 
back from the excited level to a lower level. Transitions involving the 
outer shell of electrons are generally observed in the wavenumber region 
100000cm 1 to 10000cm 1 , but most spectra are measured in the 
50000—10000cm 1 region (200-1000nm). "The interpretation of spectra 
provides a most useful tool for the description and understanding of the 
energy levels present. 

ENERGY LEVELS IN AN ATOM 

The energy levels in an atom are described in Chapter 1 in terms of four 
quantum numbers: 

1. n the principal quantum number which may have values 12 3 4 

corresponding to the first, second, third or fourth shell of electrons 
around the nucleus. 

2. / is the subsidiary quantum number, and may have n values These 

values are 0, 1, 2.... („ - 1). They describe the orbual angular 
momentum or shape of the orbital. Thus 


n = 1 

/ = 0 

spherical 5 orbital 

n = 2 

/ = 0 

spherical s orbital 


/ = 1 

dumb-bell shaped p orbital 

n = 3 

/ = 0 

5 orbital 


/ = 1 

p orbital 


/ = 2 

d orbital 


3. m the magnetic quantum number may have values from +/ (/ - 1)... 

0 ...-/. 

4. the electron spin quantum number which has a value of either +J 
or -i 
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The huild-up of electrons in the elements follows three simple rules: 

1. Electrons normally occupy the orbitals of lowest energy. 

2. Hund's rule: when several orbitals have the same energy, electrons are 
not paired if this can be avoided. Thus in the ground state, an atom will 
contain the maximum number of unpaired electron spins. 

3. The Pauli exclusion principle: no two electrons in one atom can have al 
four quantum numbers the same. 

This can be illustrated using boxes for orbitals, and arrows for electrons 
(Figure 32.1). The two electrons in the \s orbital for He have opposite 
spins; thus | denotes m s = +$ and 1 denotes m s = -J. The filling of the 

U and Is energy levels is straightforward. 

At boron, an electron occupies a 2 p orbital. The three 2 p orbita s ave 
identical values of n = 2. and / = 1. hut have different values of m (+1. u 


Pnncipal quantum no n 


Subsidiary quantum no. / 

0 

0 

i 

Magnetic quantum no m 

0 

0 

+ 1 0 -1 
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Figure 32.1 Electronic arrangements 

of the dements. 
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and -1), giving the p x , p v and p z orbitals. Allowing for two values for n\ 
for each of these, there is a total of six possible arrangements for this single 
electron. The three p orbitals are degenerate, so it does not matter which 
arrangement is adopted. When only one electron is present in a degenerate 
energy level or subshell such as 2p , 3 p or 3</, the energy depends on /, the 
orbital quantum number. 
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Figure 32.2 Electronic arrangements of microstates for p 1 configuration. 

In the case of carbon, two electrons occupy the 2 p level, and there are 
15 possible electronic arrangements (Figure 32.2). These can be divided 
into three main groups of different energy - called three energy states 
Thus even though the p orbitals are degenerate and have the same energy 
the electrons present m them interact with each other and result in the 

a erOUnd ? ta,c ,( |owest energy) and one or more excited states 
or he atom or ton. In addition to the electrostatic repulsion between 
electrons, they influence each other (1) by the interaction or coupling of 
magnetic fields produced by their spins, and (2) by coupling of the 

number t. »lricb M„ t , , he c „ rg> . s ,„ e * “* 

'“0123 
s P D F 


L = 
state 


^ 5 6 

G H 1 .w 

(The letter J is omitted since this is hcpH f,.. r , 

described later.) ^ or anol ^er quantum number 


7 

K 


8 

L 


Coupling of orbital angular momenta 

p 1 configuration 

Angular momentum is quantized r 

is Planck’s constant). For a n i P kets of magnitude h/2n (where h 

quantum number / = 1, and the orh^ 0 "' subsidiarv or azimuthal 

bital angular moment = \(h!2n) and is 
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32.3 Result,mt of / terms for p configuration 
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Resultant 
L = 0 
• S state 


shown as an arrow of unit length The ways in which the / values for two p 
electrons m«n interact with each other are shown diagrammatically using 
vector diagrams (Eigure 32.3) Recause angular momentum is quantized, 
the onl , permissible arrangements are those where the resultant is a whole 
number of quanta Ihus three possible states of spectroscopic terms D, P 
and .V arise. For the P state, the vectors / must be at an angle to each other 
such that the resultant is a whole number of quanta and in this case L = 1. 


p configuration 

The coupling of the / values of three p electrons by vectorial addition can 
be considered in an analogous way, and for simplicity this is considered as 
the interaction of a third p electron on the states obtained for the p 2 case 
(Figure 32 4). The result of coupling the orbital angular momenta is the 
production of one F state, two l) states, three P states and one S state. 


/ - i 
1-2 


Resu'tant 

L • 3 
f Mato 


J 


I - 1 





/ _ 

/ Resultant 


/ = 1 

/ L ' 2 L - 2 


} 

/ D stale 



/ 

J 


Resultant 
L = i 
P state 


/- 1 
L » 1 


I Resultant 

f 1 2 

D Mate 


J 


L 



Resultant 
L - 1 
P siale 


Resullani 


L - 0 I / 1 ( i 1 

J P stale 

figure 32.4 Resultant of / terms for p' configuration 


) Resultant 
1 = 0 
5 state 


d configuration 

The coupling of / values lor J electrons follows a similar pattern, except 
that for a d electron / 2. so the arrows are of double length (Figure 32.5). 
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} 
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J 


Resultant 
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S state 


Figure 32.5 Resultant of / terms for d 2 configuration. 


Coupling of spin angular momenta 

For a single electron, the spin quantum number m s has a value of + J or 
If two or more electrons are present in a subshell, the magnetic fields 
produced interact with each other, that is ‘couple’, giving a resultant spin 
quantum number S. (It is unfortunate that the symbol S is used both for 
the resultant spin quantum number, and for the spectroscopic state when 
L = 0, but in practice this does not normally cause confusion.) 

p 1 or d 2 case 

By using arrows to depict the quantized amounts of energy associated with 
the m s value of each electron, it can be seen that the resultant spin 
quantum number S must have a value of 0 or 1 (Figure 32.6). 


Resultant 
S = 0 

Figure 32.6 Resultant of m s terms for p 2 or d 2 configuration. 
p 3 ord 3 case 

Here S has a value of 1$ or i (Figure 32.7). 


m 


. = + i 


m, = + }| ” esu ' ,an ' 

w> — 1 


m, = + J 


m 


W--I 
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Figure 32.7 Resultant of m % terms for p 3 or configuration. 


Spin orbit coupling 

When several dcctrons are pre sent in a subshell, the overall effect of the 
in ivi ua or ital angular momenta / is given by the resultant angular 
quantum number L, and the overall effect of the individual spins m, is 
given y t e resultant spin quantum number S. In an atom, the magnetic 

C n ^ k anC * ^ ma ^ ‘ ntcract or C0U P^’, giving a new quantum number/ 
called the total angular momentum quantum number, which results from 

vectorial combination of L and S. This coupling of the resulting spin and 
orbital quantum numbers is called Russell-Saunders or LS coupling. 

Spin orbit coupling p* case 

It has been shown previously that with a p 2 arrangement, resultant orbital 
quantum number values of L = 2, 1 and 0, and also resultant spin quantum 
number values of 5 = 1 and 0, are obtained. These may be coupled to give 
the total angular quantum number / (Figure 32.8). 


S = i 


L = 2 


Resultant 


J = 3 


Full spectroscopic 
term symbol 3 0 3 



L = 2 


S = 1 


Resultant 
> J= 1 

3 °, 


L = 2 


Resultant 




S = Of J= 2 
D2 
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L = 1 




J 


Resultant 
J= 2 


Full spectroscopic 
term symbol 3 P 2 


Resultant 



3 F\ 


'l Resultant 


S = 1 
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J = 0 



L = 1 S = 0 


Resultant 

J = 1 
'P* 


L 



•\ 


S = 


Resultant 
J = 1 


Full spectroscopic 
term symbol 3 S, 


L = 0 


S = 



Resultant 
J » 0 


’S,, 


Figure 32.8 Obtaining spectroscopic term symbols by combining the resultant L 
and 5 terms. 
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Each of these arrangements corresponds to an electronic arrangement 
sometimes called a spectroscopic state, which is described by a full term 
symbol. The letter D indicates that the L quantum number has a value of 
two, P indicates that L = 1 and S denotes a value of L = 0 as described 
previously. The lower right hand subscript denotes the value of the total 
quantum number 7, and the upper left superscript indicates the multipli¬ 
city, which has the value of 25 + 1 (where S is the resultant spin quantum 
number). The relation between the number of unpaired electrons, the 
resultant spin quantum number S , and the multiplicity is given in Table 
32.1. 


Table 32.1 


Unpaired electrons 

5 

Multiplicity 

Name of state 

0 

0 

1 

Singlet 

1 

1 

2 

Doublet 

2 

1 

3 

Triplet 

3 


4 

Quartet 

4 

2 

5 

Quintet 


Thus the symbol 'D 2 (pronounced triplet D two) indicates a D state, 
hence L = 2; the multiplicity is three, hence S = 1 and the number of 
unpaired electrons is 2; and the total quantum number 7 = 2. 

All of the spectroscopic terms derived above for a p 2 configuration 
would occur for an excited state of carbon 1 s 2 , 2s 2 , 2 p x , 3 p l . However, in 
the ground state of the atom is 2 , 2s 2 , Ip 1 the number of states is limited by 
the Pauli exclusion principle since no two electrons in the same atom can 
have all four quantum numbers the same. In the ground state configura¬ 
tion, the two p electrons both have the same values of n = 2 and / = 1 so 
they must differ in at least one of the remaining quantum numbers m or m s . 
This restriction reduces the number of terms from y D, 3 P. \S l D 'Pand'5 
to'D, Vand'S. 

This can be shown by writing down only those electronic arrangements 
of m and m s which do not violate the Pauli exclusion principle. For p 
electrons, the subsidiary quantum numb-r / = 1, and the magnetic 
quantum number m may have values from + / -> 0 -► giving in this case 
values of in - +1,0 and -1. There are 15 possible combinations (Table 
32.2). The values of and M, (the total spin and total orbital quantum 

numbers in the z direction) are obtained by adding the appropriate ms and 
m values: 

Ms ~ Znis 
M l = Zm 

M l has values from +L . . . 0... -L (a total of 2L + 1 values) and* 

M s has values from +S ... 0 ... -5 (a total of 25 + 1 values) • 
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TiMe 32.2 Allowed values of m and ni, for the p 1 configuration 
= +1 0 -| M 
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'D 
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■P, 'D, '5 
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3d I 


/>. D 
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The L and 5 quantum numbers associated with each electronic 
configuration (and hence the spectroscopic term symbol) can be worked 
out from the M / and M s quantum numbers in Table 32.2. First choose the 
maximum M s value, and select the maximum M L associated with it. This 
gives M s ~ 1 and M t = \ (number 10 in table), and corresponds to a group 
of terms where L = 1 and 5=1. Since L = 1, this must be a P state, and 
since 5=1. the multiplicity (25 + 1) = 3. so it is in fact a triplet P state y P. 
Using the equations above: 

if L = I. M, may have the values +1,0 and -1 
and 


if 5 = 1, may have the values +1,0 and -1 
There are nine combinations of these two terms: 

M, = +1 Ms = +1. 0. -1 

Mi = 0 M s = +1. 0, - I 

M t = -l Ms = +K 0. -1 

Examination of Table 32.2 shows that 13 of the allowed values could be 

assigned a X P term symbol. 

From the unassigned combinations we next pick out the maximum M y 
and M ,. In this case Ms = 0 and M L = 2. From this it is deduced that L = 2 
and 5 = 0. Since L = 2 this must be a D state. The value of 5 = 0 gives a 
multiplicity ot 25 + 1 = K so it is a singlet D state 'D. 

If L = 2. then M / may have values +2, +1.0, -1 and —2, and since 5 = 
0. Ms = 0. This gives five combinations of M, and M s . Examination of 


y 
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Table 32.2 shows that nine of the allowed values could be assigned a [ D 
term symbol. 

The 3 P and *D states account for 9 + 5 = 14 combinations, and the 
remaining one which corresponds to M L = 0 and M s = 0, must correspond 
to L = 0 and S = 0. This gives a singlet 5 state l S. Thus all 15 permissible 
electronic arrangements are accounted for by the 'D, 3 P and l S states 
Where two or more allowed electronic configurations have the same values 
for M l and M s (for example configurations 3, 4 and 5 in Table 32.2), more 
than one term symbol will describe the arrangement. In these cases a linear 
combination of the functions should be taken, and it is incorrect to at¬ 
tribute any one term to a particular arrangement. 


DETERMINING THE GROUND STATE TERMS - HUND’S RULES 

Once the terms arc known, they can be arranged in order of energy and 
the ground state term identified by using Hund’s rules: 

1. The terms are placed in order depending on their multiplicities and 
hence their S values. The most stable state has the largest S value, and 
stability decreases as S decreases. The ground state therefore possesses 

repulsion ^ ** 8 ' VeS lhe minimum electrostatic 

2 ’ stable 8 ' Ven ValUe ° f 5 ' ,he Sta,C WUh * he h ' ghest L valuc is ,he most 

3. If there is still ambiguity, for given values of S and L, the smallest 7 
value is the most stable if the subshell is less than half filled and the 
iggest J is most stable if the subshell is more than half filled 

(Hund’s rules should not he nceH __«• * . 

configurations such as C lr, 2s 2 , 2p l 7>p' )* IC 1 e order of excited 

Applying the first rule to the terms arising fmm „2 ■ ,, 

carbon the 3 P state must be the ground state s^nce .h gr ?“ ^ ° f 
state, ] D and '5 being singlets - ■ „ s,nce ,h ^ re 15 on| y one triplet 

corresponds to a value of L - 2 and * ruk ' ,he D s,a,e 

L = 0 Finally, the triolet P ZLT ,han the ' 5 s,ate -here 

the third rule y P 0 < 'P. < 3p, Tv* 5 ree ,enns P 2 . Pi and 'P„, so from 

the terms arising from the ground state^feTh n,ally m “ sured ener g |es for 

It can be seen that for a light atom like carh Sh ° Wn m F,gure 32 9 

because of the J terms from sni w ^° n ' s Phtting of the ’P terms 

splitting into ‘5, ‘D and 3 P t^rnsresUrin^f 118 ' S mUCh Smaller than lhe 
numbers. For the lighter elements hoio 8 k ° m cou P l,n g of / quantum 
levels of different / is W a ‘° m,c number 30- «he splitting of 

different L (see Figure 32.9)- henr'^o^ W " h ,he s P lil, 'ng of levels of 
correct result for the sequence of enerevT^T 53 ' 1 "* 1 '' 5 COUpling B ' ves ,he 
transition elements. For the heavier ,.|f y ^ S ° f terms for ,he firsl row of 

the L splitting and Russell-Saunders count*' 1 Spl ' ,ting grea '" ,ha " 
an alternative form of H coupling is used Se'aT"° ^ 


canner 




HOLE FORMULATION 


1 947 


Energy 



Figure 32.9 Splitting of terms in carbon ground state. 


HOLE FORMULATION 

When a subshell is more than half full, it is simpler and more convenient to 
work out the terms by considering the ‘holes' - that is the vacancies in the 
various orbitals - rather than the larger number of electrons actually 
present. The terms derived in this way for the ground state of oxygen which 
has a p 4 configuration and hence two ‘holes’ are the same as for carbon 
with a p 2 configuration, that is l S , 1 D and 3 P. However, oxygen has a more 
than half filled subshell, and hence when applying Hund’s third rule, the 
energy of the triplet P states for oxygen are 3 P 2 < 3f> \ < <>♦ making P 2 

the ground state. In a similar way, by considering ‘holes , the terms which 
arise for pairs of atoms with p n and p h n arrangements, and also d and 
d Ht ' n , give rise to identical terms (Table 32.3). 


Table 32.3 Terms arising for p and d configurations 


Electronic 
configuration 


Ground state 
term 


Other terms 
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Derivation of the term symbol for a closed subshell 

If a subshcll is completely filled with electrons, for example p" or t/ 1 " 
arrangements, the derivation of terms is greallv simplified. 



In both of these cases the total spin quantum number in the : direction l/ x 
which equals tfie sum of all the individual vjIucs is zero, hence S = 0. 
and the multiplicity 2.V ■+ I = I Also m both p" and </ 1 ' cases the total 
orbital angular quantum number in the r direction \t, - - 0. hence /. 

= 0 corresponding to an S stale Ihus a closed shell of electrons alwavs 
produces a singlet S stale S, 


Derivation of the terms for a J : configuration 

For d electrons, the subsidiarv quantum number / is 2. and the magnetic 
quantum number m has values from (I _ -/ Kmn g m this caw m -- 

+ 2, +1.0. - I and -2 There are 45 ways m which two d electrons mas he 
arranged which do not violate the Pauli exclusion principle These 
arrangements are shown in Table 32.4 

The terms are assigned in a similar way as for the p : case The highest 
value of M, = 4 can only arise if L = 4 corresponding to a G state, and 
stnee M s - 0. S must be 0. and it is a singlet G term 'G M, can have 
values trom + L . 0. - L . in this case -*-4. -»»3. -*-2. ♦ I 0 _ j _** _ ^ 

a«ocht | h “',h!h hUS “ nl> ° ne ' a,Ue 50 ,herc configurations 

associated with this term 

The highest unass,gned M, value ,s -3. md.ca.mg an F state, and .his 

oceurs vvith \u - +1. 0 and - 1. suggesting a triplet F state F W, tnav 
hnve values o. +3 +2. + |. II. - - 2 Jn j _ 3 . jnd sincf v , hjs |h(te 

'..lues there are .1 configurations associated w„h the 'F term 

Thirty of the 4> configuration* have been accounted for and examtna- 

hov h °,T UrS con "curations which have the same \,, and W. values 

•/ “ s e rr,;r '• ,orms are ,h<; ^ r ™ ^ .s 

'F 'n 'r ,1 .'s W ° f ' tms for J * ; configurate is therefore *C. 

cere ' o ,h v PP lh < state is 'f. and the 

viurgN ol the various states is F < 7* < '(j < 'p < 

oflhe W'.’' ' , K ,U ' n ' fX '^' u '° nS hjNC mej sured. and the energy 

Tab e ’ , r" ° T h '^ e ' ,hjn ,h < '* «ound state in each ca'se 

tiame 3..» Quantitative data are availjhh* f,*r .k i , - , 

metal tons ,n the gas phase and ,h/n cncr *> kVC,S ,n 

levels ch in* .' * he ntXl s e P ls to hnJ ho * enerev 

levels change when ligands approach to form a complex 
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Table 32.5 Energy of *F and states for d 2 free ions 

2+ V 3 " Cr 4 * 


Ti 


3 P 

3 f 


10600cm 1 
0 


13250 cm 
0 


-i 


15700 cm -1 
0 


CALCULATION OF THE NUMBER OF MICROSTATES 

Each different arrangement of electrons in a set of ° rb '* als bas a sl, g hl| y 
different energy and is called a microstate, e.g. a e . or a p 
arrangement or Table 32.4 for a d 2 arrangement. The number of 
microstates may be calculated from the number of orbitals and the number 
of electrons, using the formula: 


\ r/ r\(n - r)\ 


where n is twice the number of orbitals and r is the number of electrons. 
(Note n\ is factorial n and r\ is factorial r.) Thus for a p case there are 
three orbitals so n = 6, and three electrons so r = 3. Hence 


/6\ _ 6! _ 6! 
\3/ “ 3!(6 - 3)! “ 3! x 3! 


6 x 5 x 4 x 3 x 2 x 1 
3 x 2 x 1 x 3 x 2 x 1 


= 20 microstates 


Similarly, for a d 2 case there are five orbitals so n — 10, and two electrons 
so r = 2. Hence 



10 ! _ 10 ! 

2!( 10 - 2)! “ 2! x 8! 

10 x 9 x 8 x 7 x 6 x 5 x 4 x 3 x 2 x 1 
2x1 x 8 x 7 x 6 x 5 x 4 x 3 x 2 x 1 


= 45 microstates 


In a similar way the number of microstates can be worked out for all of the 
electronic arrangements p'-p* and d x -d w . 


Table 32.6 The number of microstates for various electron arrangements 


Electronic 

Number of 

Electronic 

Number of 

arrangement 

microstates 

arrangement 

microstates 

P \ 

6 

d x 

10 

p\ 

15 

d : 

45 

p\ 

20 

J' 

120 

P 

15 

d 4 

210 

p 

6 

d s 

252 

p" 

1 

d* 

210 



d 1 

120 



d s 

45 




10 

• 


d w 

1 
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ELECTRONIC SPECTRA OF TRANSITION METAL COMPLEXES 


ELECTRONIC SPECTRA OF TRANSITION METAL COMPLEXES 

Spectra arise because electrons may be promoted from one energy level to 
another. Such electronic transitions are of high energy, and in addition 
much lower energy vibrational and rotational transitions always occur. The 
vibrational and rotational levels are too close in energy to be resolved into 
separate absorption bands, but they result in considerable broadening of 
the electronic absorption bands in d-d spectra. Band widths are commonly 
found to be of the order of 1000-3000 cm _l . 

The spectrum of a coloured solution may be measured quite easily using 
a spectrophotometer. A beam of monochromatic light obtained using a 
prism and a narrow slit is passed through the solution and on to a 
photoelectric cell. The amount of light absorbed at any particular 
frequency can be read off, or a whole frequency range can be scanned, and 
the absorbance A plotted as a graph on a paper chart recorder. The 
absorbance was formerly called the optical density. If /„ is the intensity of 
the original beam of light, and / the intensity after passing through the 
solution, then 


951 



= A 


I he molar absorption coefficient c is usually calculated from the 
absorbance 


A 


where c is the concentration of the solution in moll , and / is the path 
length in centimetres. (Cells are commonly 1cm long.) 

Not all of the theoretically possible electronic transitions are actually 
observed The position is formalized into a set of selection rules which 
distinguish between ‘allowed’ and ‘forbidden’ transitions. ‘Allowed’ transi- 
tions occur commonly. 'Forbidden 1 transitions do occur, but much less 
frequently, and they are consequently of much lower intensity. 


aporte ‘orbital’ selection rule 

lefficient £ is 5000- lOOUU mr pc y ^ in / = o, but spectra of 

ansitions are ‘Laporte forbid* > fmor'em"*) because of 

uch lower absorbance are observed (e 3 
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—I 


Laporte (orbital) 

Allowed 

Partly allowed. 

some p-d mixing 
Forbidden 
Partly allowed 
some p-d mixing 
Forbidden 


Spin 

Type of 
spectra 

r 

Allowed 

Charge 

transfer 

10000 

Allowed 

d-d 

500 

Allowed 

d-d 

8-10 

Forbidden 

d-d 

4 

Forbidden 

d-d 

0.02 


|W 


(MnBr. 


slight relaxation in the Laporte rule. When the transition metal ion forms a 
complex it is surrounded by ligands, and some mixing of d and p orbitals 
may occur, in which case transitions are no longer pure d-d in nature. 
Mixing of this kind occurs in complexes which do not possess a centre of 
symmetry, for example tetrahedral complexes, or asymmetrically substi¬ 
tuted octahedral complexes. Thus [MnBr 4 |~“ which is tetrahedral and 
(Co(NH0sCI] :+ which is octahedral but non-ccntrosymmetric are both 
coloured. Mixing of p and d orbitals does not occur in octahedral 
complexes which have a centre of symmetry such as [Co(NH x ) f ,|' + or 
(CufFLO),,] 2 *. However, in these cases the metal-ligand bonds vibrate so 
that the ligands spend an appreciable amount of time out of their centro- 
symmetric equilibrium position. Thus a very small amount of mixing 
occurs, and low-intensity spectra are observed. Thus Laporte allowed 
transitions are very intense, whilst Laporte forbidden transitions vary from 
weak intensity if the complex is non-centrosymmetric to very weak if it is 
ccntrosymmetric (Table 32.7) 


Energy 



Figure 32.10 Mn 2 * in weak 
octahedral field. 


Spin selection rule 

During transitions between energy levels, an electron does not change its 
spin, a is - ( There are fewer exceptions than for the Laporte 

Mnm VV hC CaS ° ° f Mn " “ *cak octahedral held such as 

y . • 'i • . . e transitions are spin forbidden’ because each of the 

flesh roln,!r, Sl t ng K y 0< * u P ,ec *‘ ^ an > ^ rr compounds are off white or pale 

‘snin ill 1W i U * ° ,n !5 nsi ^ ,s onl > a ^ ou l °ne hundredth ot that for a 
pm aflciwed transition (Table 32.7). Since the spin forbidden transitions 

iircitlv sirnnlifl td h ^ ° ^ !s,UCtra ot lrans >tK>n metal complexes can be 
I* !hft ^ , g n °ring all spin lorbidden transitions and considering 

state Thus UC | S " ^ havc lhc samc multiplicity as the ground 

•ire ilie emnn \ t- T'l ' , ^ u ^‘ l,lon 0n '> terms which need be considered 
arc the ground state h and the excited state '/* 
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SPLITTING OF ELECTRONIC ENERGY LEVELS AND SPECTROSC OPIC STAT ES 

SPLITTING OF ELECTRONIC ENERGY LEVELS AND 
SPECTROSCOPIC STATES 

An 9 orbital is spherically symmetrical and is unaffected by an octahedral 
(or any other) field, p orbitals are directional, and p orbitals are affected by 
an octahedral field. However, since a set of three p orbitals are all affected 
equally, their energy levels remain equal, and no splitting occurs. A set of 
d orbitals is split by an octahedral field into two levels t 2g and The 
difference in energy between these may be written as A,, or 10 D q . The / 2 p 
level is triply degenerate and is 4/> M below the barycentrc, and the e„ level 
is doubly degenerate and is 6D, ( above the barycentrc. For a d ' con¬ 
figuration, the ground slate is a 2 l) state, and the t 2p and electronic 
energy levels correspond with the T 2fl and E r spectroscopic states. A set of 
/ orbitals is split by an octahedral field into three levels For an /' 
arrangement the ground state is a V state and is split into a triply 
degenerate T tp state which is 6/3,, below the barycentrc, a triply degenerate 
7*2 p level which is 2D q above the barycentrc and a single A 2t state which is 
12D q above the barycentrc (Figure 32.11). Wc will sec later that the same 
arrangement of states occurs with d 7 arrangement. 


/ 

/ 



Figure 32.11 Splitting of spectroscopic terms arising from (a) t/ 1 electronic arrange¬ 
ment a.id (b) d 2 electronic arrangement. 


In (he ‘one eleclron cases' s'.p'. <l' and/' there .s a direct correspondence 
between the splitting of electronic energy levels which occurs in a crystal 
held and ihe splitting of spectroscopic stales. Thus in tin octahedral held 
the S and /* stales arc not split. /> stales are split into (wo stales and Estates 

are spin into three slates 
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Figure 32.14 Splitting of energy levels for d 9 configuration in octahedral field. 

erate d orbitals split into two e g orbitals of lower energy and three t 2g 
orbitals of higher energy (see Chapter 7). The energy level diagram for 
complexes in a tetrahedral field is the inverse of that in an octahedral field, 
and is similar to the d 9 octahedral case (Figure 32.13), except that the 
amount of splitting in a tetrahedral field is only about § of that in an 
octahedral field. 

In a similar way the d b high-spin octahedral arrangement (Figure 32.15a) 
is related to the d octahedral case. Since transitions which involve reversal 
of the electron spin are forbidden , and hence give extremely weak bands, 
the only •permitted' transition is the paired electron in the t 2e level, which 



<t>) 

Figure 32.15 (a) d" and (b) d* high-spin octahedral arrangements. 
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has the opposite spin to all the other electrons, to the e„ level. The energy 

level diagram for d high-spin octahedral complexes is the same as the d' 
case (Figure 32.13). 

By similar reasoning, octahedral complexes containing d 4 ions in a hich- 

spin arrangement (Figure 32.15b) may be considered as having one ‘hole’ 

in the upper level and thus they are analogous to the d 9 octahedral case 
(Figure 32.14). 

In addition, d" tetrahedral complexes have only one electron which can 
be promoted without changing the spin, and have a diagram like that for d' 
tetrahedral, which is qualitatively similar to that for the d 9 octahedral case. 
Finally, d and d tetrahedral complexes with one ‘hole’ are qualitatively 
like the d octahedral example with one electron 

F'gures 3 2.B and 32.14 can be combined imo a single diagram (Figure 
32.16) called an Orgel diagram, which describes in a qualitative way the 
effect of electron configurations with one electron, one electron more than 

a half filled level, one electron less than a full shell, and one electron 
less than a half filled shell. 


Energy 



Figure 32.16 Orgel combined energy level diagram for d l . (Note that g subscripts 
are dropped in tetrahedral cases.) 


d 1 octahedral 
<f octahedral 


d 4 tetrahedral 
d 9 tetrahedral 


SPECTRA OF d 1 AND d 8 IONS 

The ground state for a d 2 electronic arrangement has two electrons in 
different orbitals. In an octahedral field the d orbitals are split into three t 2 
°rbitals of lower energy and two e g orbitals of higher energy, and the 
electrons will occupy two of the / 2g orbitals. When an electron is promoted 
f f i) 2 -♦ (e t y0 2§ y there arc two possibilities. It requires less energy to 
Promote an electron from the d tt or d vt orbitals to the d : : orbital than it 
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does to promote the electron to the d r ._ v : orbital. This difference in energy 
arises because the former transition gives a (d rv ) (d : -) arrangement where 
the electrons are spread around all three directions x, y and z which 
reduces electron-electron repulsion compared with the (d r% .) (d f :_ y: y 
arrangement where the electrons are confined to the xy plane. If both 
electrons are promoted another high energy state will be formed. Thus 
from a consideration of the electrons we would expect four energy levels. 

Table 32.3 shows that the terms arising for a d 2 configuration are the 
ground state Vand the excited states V, 'G, X D and 'S. The ground state 
contains two electrons with parallel spins, but the 'G, [ D and '5 states 
contain electrons with opposite spins. Thus transitions from the ground 
state to these three states are spin forbidden, will be very weak, and can be 
ignored. The two remaining states V and *P can have spin permitted 
transitions. It will be remembered that p orbitals are not split by an 
octahedral field, but that/orbitals are split into three levels. Similarly in an 
octahedral field P states are not split (but are transformed into a T, g state, 
and Estates split into A 2g + T, g + T 2g (see Figure 32.11 and Table 32.8). 
The energy level diagram for these is shown in Figure 32.17a. 

Three transitions are possible from the ground state y T ]g (F) to 3 7" 2 g, 
3 7, g (F) and y A lg respectively, and hence three peaks should appear in the 
spectrum. (This may be compared with only one transition in the d l case.) 


Table 32.9 Ground terms for d'-d U) configurations 



















40000 30000 20000 10000 

Frequency (cm -1 ) 


(bl 


«««« 32.17 Orgel diagram and spectrum for a d 2 ion. (a) Enertrv diagram tn, a* 
nfiguration in octahedral field (simplified by including only the triplet states! 


3 T, a (F) 



Je spwtrum of a <f 2 complex ion [V(H 2 0) 6 p* is shown in Figure 
u / tW ° f>Caks occur in this spectnim because the ligand field 
of water F esulls in transitions occuning close to the cross-over 
in tween the 7*| g (/ > ) and 3 A 2g levels, and hence these two transitions 
we not resolved into two separate peaks. A V 3+ ion complexed with a 
ainerent ligand would show three peaks. 

Complexes of metals such as Ni 2 * with a d* configuration in an 
octahedral field can be treated in a similar way. There are two ‘holes’ in the 
f* * c ^cl, and hence promoting an electron is equivalent to transferring a 
bole’ from e g to f 2g . This is the inverse of the d 2 case. The 3 P state is not 
split, and is not inverted, but the 3 F state is split into three states and is 
inverted (Figure 32.18). Thus the ground state term for Ni 2+ is 3 A 2g . Note 
that in both the d 2 case and the d 8 case the 3 F state is the lowest in energy. 

Three spin allowed transitions are observed in the spectra of 
l N KH 2 0)„) 2 +. [Ni(NH 3 ) A ] 2 + and [Ni(ethylenediamine)>| 2 * 

Using the same arguments as applied to the d l case, the d 2 octahedral 
energy diagram is similar to the high-spin d 1 octahedral, and d 3 and d H 
tetrahedral cases. The inverse diagram applies to the d 3 and d 8 octahedral 
as well as d l and d 1 tetrahedral complexes. As before, the g subscript is 
omitted in tetrahedral complexes. 

In a similar way Cr(III) has ad 3 configuration, and for octahedral 
complexes the inverted diagram at the left hand side of Figure 32.19 
applies. This is similar to the d 2 diagram except that the energies of the 
three states derived fr jm the 3 F state are inverted in order. The spectra of 
chromium complexes would be expected to show three absorption bands 
from the ground state \4 2g to 3 7* 2p , 3 7*, g (F) and 3 T, g (F) respectively. 

v 

i 

i 

» 

i 
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Figure 32.18 Orgel diagram and spectrum for a d * inn r.s n , A 

configuration in an octahedral field (simplified bvinftfJ * E T 8 * d,agram fot * 
showing three spin allowed transitions, (h Uhra^okfJisIhleahJ?* ^ fU ‘“ ) 
for the d* complex |Ni(M.O)J-’* Note the miHHu i f b absorption spectrum 

two peaks because of Jahn-Telier distortion * Sh ° WS s,8 "> ot ‘PBuin* into 


in the visible regio^ln Mtmecases the tlTdf' e " defined abs orption peaks 
often hidden by a very intense charge U^t n 7 * ' * 

‘hole’ configurations r ?s showrfin Figure's^l™ Not and ' W °' 

slates, one from the P state and ih^ f ’ N lC thal thcrc m tw0 

states are slightly curved lines because the ''h™ "if F SU " The ,w0 

they interact with one another This im . > . hjVe ,he same symmetry, and 

energy of the lower state and increases f i eC,mn,c r «P ulsion lowe " ,he . 

he energy of the higher state. The 


Energy 



ngnrr 32. If Combined Orgcl energy level diagram for two-electron and two- 
hole configurations (Note that the g subscript is omitted in tetrahedral cases. 
The sa?nt diagram also applies to the d and d ' arrangements except that the 
sptcirfH»C' ipic icrm>> are F and P. and the MulliKen terms have a multiplicity of 4.) 


effect is much more marked on the left of the diagram because the two 
levels arc close in energy If the lines had been straight, they would cross 
each other, imph ing at the cross-over point that two electrons in one atom 
may have the same symmetry and the same energy This would be imposs¬ 
ible. and is prohibited by the non-crossing rule, whi^h says that states of 
the same symmetry cannot cross each other The mixing or intcrclectronic 
repulsion which causes the bending of the lines is expressed by the Racah 


parameters H and C 

The Racah parameters can in principle be calculated from linear com¬ 
binations of exchange integrals and coulomb integrals, but they arc usually 
obtained empiricallv from the spcctrj of free ions. The difference in energy 
between slates of the same multiplicity for example in a d ion such as V 


ihf separation between 4 A and *P is 1*# Thus if all three hands are 
observed in the spectrum. B is readily obtained In many cases it is 
sufficient to use only the parameter B to explain the positions of the bands 
in the spectrum Both the B and C parameters are necessary for terms of 
different multiplicity For example. in he d V»*_ .on the separation 
between V and ; C' is *B + 3C For most transition metal ions B is 
annroximaiely 700- 1000cm 1 and C is approximately four limes B. 

from theory. C onsider fo. example the spectra of Cr(lll). Cr is d om 

(s r h sr «d g r - ;■ tt&z t ^ f 

mnpnicnt goes nse to two states *F and f P. In an octahedral field .he F 
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Table 32.10 Racah parameters B for transition 
metal ions in cm 

Metal 

M 2 * 

M u 

Ti 

695 

- 

V 

755 

861 

Cr 

810 

918 

Mn 

860 

965 

Fe 

917 

1015 

Co 

971 

1065 

Ni 

1030 

1115 

From Sutton. D., Electronic Spectra of Transi- 

tion Metal Complexes , McGraw Hill, 1968. 



Energy 
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mixing 


with 

mixing 
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Figure 32.20 The splitting of the 4 F and 4 P states in Cr 3 


4 ^ig(P) 


4 ^g(F) 


4 T 


2g 


*A 


2g 


state is split into %,(F), *T 2t (F) and j T Ir (F) states, and the V state is not 
sph. bu, ransforms into a *T^P) state (Figure 32.20). 

Three transitions are possible 4 A 7o -+ 4 T, 4 >i , 4 T / n , 4 . 

4 r lg (/>). The Racah parameters fo the “ ( f ) and 

(B = 918cm- and C =Tl33cm-) ’° n k "° Wn eXaCtly 
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The lowest energy transition correlates perfectly, hut agreement for the 
other two hanci^ is not very good. Two corrections must be made to 
improve the agreement. 

• 

1. If some mixing of the P and F terms occurs (bending of lines on the 
Orgel diagram), then the energy of the 4 7'i t ,(P) state is increased by an 
amount -r and the energy of the 4 T| P (F) state is reduced by x. 

2. The value for the Racah parameter B relates to a free ion. The apparent 
value B in a complex is always less than the free ion value because 
electrons on. the metal can be delocalized into molecular orbitals cover¬ 
ing both the metal and the ligands. The use of adjusted B' values 
improves the agreement. This delocalization is called the nephelauxetic 
effect, and the nephelauxetic ratio is defined: 



P decreases as delocalization increases, and is always less than one. and 
B' is usually 0.7 B to 0.9fl). B' is easily obtained if all three transitions 
are observed since: 


\5B' = + v : - 3v, 

Using both of these corrections gives much better correlation between 
observed and improved theoretical results (Table 32.12). (The use of 
adjusted B and C terms is the basis of ligand field calculations.) 

Table 32.12 Correlation of spectra for |CrF 6 ] 3 ' (using corrected constants) (in 
cm -1 ) 


4 *2 P 
4 A v. 


*T^(P) v, 

*Ttt(F) v_> 
J 7\„ v, 


Observed spectra 

34400 
22 700 
14900 


Corrected theoretical 

34 800 (12D„ + \5B' + i) 

22400 (18D„-jc) 

14900 (10 D t/ ) 


As a second example consider the spectrum of crystals of KCoFv There 
are three absorption bands at 7150cm-'. 15200cm- and 19200cm__. The 
compound con,a,ns Co- tons 

anT v ; n ?r lg - D q may be 


calculated from vj since. 


v, = 8 D, 


, for the configuration interaction 

However this makes no « ^ bending of lines on the Orgel 

v 2 — V| = 10 D<i 

ee hv configuration interaction. Thus: 

since this is not affected by conngu 


k 
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15200 - 7200 = 10 D q 

hence D q = 800 cm' 1 

The value of the configuration interaction term x is obtained either from 
the equation: 


v, = 8 D q + x 

or from v 2 = 18D^ + x 

The Racah parameter B for a free Co 2 * ion is 971 cm' 1 (Table 32.10), but 
the corrected value B' may be calculated from the equation: 

v 3 = 15 B' + 6D< + 2r 

The pale pink colour of many octahedral complexes of Co(II) are of 
interest. The spectrum of [Co(H 2 0) 6 ] 2 * is shown in Figure 32.21. 



Frequency (cm ’) 

Figure 32.21 Electronic spectrum of [Co(H 2 0) (1 ,) 2 ''. 

The spectrum of [Co(H 2 0) 6 ] 2 + is less easy to interpret. It shows a weak 
but well resolved absorption band at about 8000cm-', and a multiple 
absorption band comprising three overlapping peaks at about 20000cm" 1 
The lowest energy band v, at 8000cm" 1 is assigned to the 4 T, - 4 T 2 

“ i0n l, The multiple band has three peaks at about 16000, 19400 and 
21600cm . Two ot these are the 4 T lg - M 2g and 4 T l£ - 4 T lt (P) 

transitions, and since the peaks are close together this indicates that this 
complex is close to the cross-over point between the 4 A, E and 4 7\ £ states on 
the energy diagram. This means that the assignments'are only tentative, 
but the following assignments are commonly accepted: 

v 2 ( T, g —* 4 A 2g ) 16000cm -1 

and v * — 4 T lg (P)) 19400cm" 1 

The extra band is attributed either to spin orbit coupling effects or to 
transitions to doublet States. 
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Tetrahedral complexes of Co 2 * such as [CoCI 4 ] 2 - are intensely blue in 
colour with an intensity e of about 600 Imor'cm" 1 compared with the 
pale pink colour octahedral complexes with an intensity e of only about 
6 I mol cm . Co has a d 1 electronic configuration, and in [CoCI 4 ] 2 “ 
the electrons are arranged (e g ) 4 (r 2g ) 3 . This is similar to the Cr 3 * (d 3 ) 
octahedral case since only two electrons can be promoted. There are three 
possible transitions: 4 A 2 -> %(F ), *A 2 (F) - 4 T,(F) and 4 A 2 (F) - 

Ty^(P). Only one band appears in the visible region at 15000cm -1 
(Figure 32.22). This band is assigned v 3 . There are two bands in the 
infrared region at 5800 cm 1 assigned v 2 and the lowest energy transition 
(assigned v 3 ) is expected at 33(K)cm" 1 . 

*A 2 —* 4 Tj( P) v 3 15000cm -1 in the visible region 
4 ^2 \(F) v 2 58(X)cm 1 in the visible region 

4 ^2 4 T 2 v, (33(X) cm 1 in the infrared region) 



25000 20000 15000 10000 5 000 


Frequency (cm' 1 ) 

Figure 32.22 Electronic spectrum of |CoCI 4 J 2 . 


SPECTRA OF d 5 IONS 

The </ 5 configuration occurs with Mn(II) and Fe(III). In high-spin octa¬ 
hedral complexes formed with weak ligands, for exampie lMn Fel 

m l 2 * and IFe l,, F 6 l 3 “, there are five unpaired electrons with 

L“.l "5». a”.I n'onic «.!>» «« * to?—* ‘ 

anv absorption bands will be extremely weak. This accounts for the very 

pale pink colour of most Mn( If) oOhe 

T."wc anoned .irboui .evening the spin of ” 

hence the probability of such transitions .s extremely low. Of the 
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states, the four quartets 4 G, 4 F, 4 D and 4 P involve the reversal of only 0 
spin. The other seven states are doublets, are doubly spin forbidden 
are unlikely to be observed. In an octahedral field these four split into t* 
states, and hence up to ten extremely weak absorption bands may hi 
observed. The spectrum of [Mn(H 2 0) 6 ] 2 * is shown in Figure 32 23 
Several features of this spectrum are unusual. 

1. The bands are extremely weak. The molar absorption coefficient e is 
about 0.02-0.03 1 mol -1 cm” 1 , compared with 5-10 I mol -1 cm' 1 f 0r 
spin allowed transitions. 

2. Some of the bands are sharp and others are broad. Spin allowed bands 
are invariably broad. 



''ll n i Cn r 8y ICVd diagram for octahedral Mn 2 + is shown in Figure 

—-—s» 

Ihc'i. "tT i°" ““ d " ! "” “ 

about a mean value and hen ,k C /^ ^ 0r a P ar,lcu lar transition varies 
of broadening o “he oeal! ie , ^ S ° rp,i ° n P eaks «* broad. The degree 

?r~ "* fr 

slopes of the 4 £.(C) U, *Ftn\ !i®4. * is zero, and the 

transitions from the ground’state to'the"** ( A ^ F) ,erms are also zer0, 
sharp peaks. Bv the «■». ° *^ ese ^ our s,a,c s should give rise to 

appreciably such as A T,JC) r “ S ?" ,n « ,rans » i o n s to states which slope 
The bands are assigned as "lit ] M 
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Figure 4.25 Electronic configuration, atomic and molecular orbitals for boron. 


participate in bonding. The effects of bonding and antibonding ols orbitals 
cancel but stabilization occurs from the filling of the nip orbitals, and 
hence a bond is formed and B? exists. 

C 2 molecule 

A carbon atom has 2 + 4 electrons. A C 2 molecule would contain a total of 
12 electrons, and these would be arranged in MOs: 


>cannec 
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Ligand held strength D Q (cm ') 

Figure 32.24 Orgel energy level diagram for Mn 2 * ( d s ) octahedral. 


b A 

b A 

*A 

b A 

b A 

b A 


•g 

• g 
>g 
ig 

■ g 


4 r,, 18900cm -1 

*T 2g (G) 23100cm - ' 

4 E 1 

4 * 24970 and 25300 cm - ' 

A lf I 

4 7j ,(D) 28000cm - ' 

4 £ g (D) 29700cm - ' 


The same diagram applies to tetrahedral d s complexes if the g subscripts 
are omitted. 


TANABE-SUGANO DIAGRAMS 

The simple Orgel energy level diagrams are useful for interpreting spectra, 

but they suffer from two important limitations: 

1. They treat only the high-spin (weak field) case. 

2. They are only useful for spin allowed transitions when the number of 
observed peaks is greater than or equal to the number of empirical 
parameters: crystal field splitting D q , modified Racah parameter B' 
and bending constant x. 


Scanned by CamScanner 




Dq/B 

Figure 32.25 Tanabe-Sugano diagram for d 2 case, e g. V 3 * 


Though it is possible to add low-spin states to an Orgel diagram, 
Tanabe-Sugano diagrams are commonly used instead for the interpreta¬ 
tion of spectra including both weak and strong fields. Tanabe-Sugano 
diagrams are similar to Orgel diagrams in that they show how the energy 
levels change with D <r but they differ in several ways: 

1. The ground state is always taken as the abscissa (horizontal axis) and 

provides a constant reference point. The other energy states are plotted 
relative to this. 


2 . 

3. 


Low-spin terms, i.e. states where the spin multiplicity is lower than the 
ground state, are included. 


In order to make the diagrams general for different metal ions with the 
same demonic configuration, and to allow for different ligands, both of 

and^/fl*' and B ( ° r H) ' ,hC aXCS plo,tcd in uni,s of energy IB 


A different diagram is required for each electronic arrangement. Only two 
examples are shown here^The T-S diagram for a case such as V'* ,s 

difference ST , CaSe ,here is fundamental 

difference between strong and weak fields 

Fitmre ™Vh SU - an ° ^ 8 ^ SUCh <* <*>* is shown ,n 

Figure 32.26. This is a simplified version and only the singlet and quintet 
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complexes complexes 



Figure 32.26 Tanabe-Sugano diagram for <f case. e.g. Co 3 * 


terms are shown. There is a discontinuity at 10 D q IB = 20, and this is shown 
by a vertical line. At this point spin pairing of electrons occurs. To the left 
of this line we have high-spin complexes (weak ligand field), and to the 
right we have low-spin complexes (strong ligand field). The free ion ground 
state is 5 D. This is split by an octahedral field into the % ground state and 
the excited state. The singlet '/ state in the free ion is of high energy. 
This is split by the octahedral field into five different states, of which the 
'Ajj, is important. This state is greatly stabilized by the ligand and drops 
rapidly in energy as the ligand field strength increases. At the point where 
10 D q IB = 20 the X A X% line crosses the horizontal line for the 5 T 2g state 
(which is the ground state). At still higher field strengths the l A {g state is 
the lowest in energy, and becomes the ground state. Since the ground state 
is taken as the horizontal axis, the right hand part of the diagram must be 
redrawn. 

Since the fluoride ion is a weak field ligand, the complex [CoF*] 3- is 
high spin. The complex is blue in colour, and a single peak occurs at 
13000cm -1 . This is explained by the transition * t h - % shown as an 
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arrow in the left hand part of the diagram. The spectrum of a low-spin 
complex such as |Co(ethylenediamine),| * should show the transitions 
‘A lp 1 T, g and T 2t (shown as two arrows in the right hand part of 

the diagram). 
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Publishers Ud . BaSTrexcSt^r A*** Science 

cellent and readable introductory text.) 
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PROBLEMS 


971 


PROBLEMS 

1. Electronic transitions of the d-d type displayed in spectra of octahedral 
transition metal complexes should be forbidden by the Laporte 
selection rule. Why are moderately strong spectra actually observed? 

2. Why do tetrahedral complexes of an element giv.e much more intense 
d-d spectra than its octahedral complexes? 



Scanned by CamScanner 



Abundance of the elements 
in the earth’s crust 



Name 

1 

Oxygen 

2 

Silicon 

3 

Aluminium 

4 

Iron 

5 

Calcium 

6 

Magnesium 

7 

Sodium 

8 

Potassium 

9 

Titanium 

10 

Hydrogen 

II 

Phosphorus 

12 

Manganese 

13 

Fluorine 

14 

Banum 

15 

Strontium 

16 

Sulphur 

17 

Carbon 

18 

Zirconium 

19 

Vanadium 

20 

Chlorine 

21 

Chromium 

22 

Nickel 

23 

Rubidium 

24 

Zinc 

25 

Copper 

26 

Cenum 

27 

Neodymium 

28 

Lanthanum 

29 

Yttrium 

30 

Cobalt 

31 

Scandium 

32 

Niobium 

33 - 

Nitrogen 

33 = 

Gallium 

35 

Lithium 

36 

Lead 

37 

Praseodymiui 

38 

Boron 

39 

Thorium 


Svmbol 

Abundance* 


Name 

Symbol 

Abundance 

O 

455 000 

40 

Samarium 

Sm 

7 0 

Si 

272 000 

41 

Gadolinium 

Gd 

6 1 

Al 

83000 

42 

Dysprosium 

Dy 

4.5 

Fe 

62000 

43 

Erbium 

Er 

3.5 

Ca 

46600 

44 

Ytterbium 

Yb 

3.1 

Mg 

27640 

45 

Hafnium 

Hf 

2 8 

Na 

22 700 

46 

Caesium 

Cs 

2.6 

K 

18400 

47 

Bromine 

Br 

2 5 

Ti 

6320 

48 

Uranium 

U 

2.3 

H 

1520 

49 = 

Tin 

Sn 

2.1 

P 

1 120 

49 = 

Europium 

Eu 

2.1 

Mn 

1060 

51 

Beryllium 

Be 

2.0 

F 

544 

52 

Arsenic 

As 

1.8 

Ba 

390 

53 

Tantalum 

Ta 

1.7 

Sr 

384 

54 

Germanium 

Gc 

1.5 

S 

340 

55 

Holmium 

Ho 

1.3 

C 

180 

56 = 

Molybdenum 

Mo 

1.2 

Zr 

162 

56 = 

Tungsten 

W 

1.2 

V 

136 

56 = 

Terbium 

Tb 

1.2 

a 

126 

59 

Lutetium 

Lu 

0 8 

Cr 

122 

60 

Thallium 

71 

0.7 

Ni 

99 

61 

Thulium 

Tm 

0 5 

Rh 

78 

62 

Iodine 

1 

0 46 

Zn 

76 

63 

Indium 

In 

024 

Cu 

68 

64 

Antimony 

Sb 

0.20 

Ce 

66 

65 

Cadmium 

Cd 

0 16 

Nd 

40 

66 * 

Silver 

Ag 

0 08 

La 

35 

66 = 

Mercury 

Hr 

0 08 

Y 

31 

68 

Selenium 

Se 

0 05 

Co 

29 

69 

Palladium 

Pd 

0015 

Sc 

25 

70 

Platinum 

Ft 

001 

Nb 

20 

71 

Bismuth 

Bi 

0 008 

N 

19 

72 

Osmium 

Os 

0 005 

Ga 

19 

73 

Gold 

Au 

0 004 

u 

18 

74 * 

Iridium 

Ir 

0 001 

Pb 

13 

74 = 

Tellurium 

Te 

0 001 

Pr 

9 1 

76 

Rhenium 

Re 

0 0007 

B 

90 

77 = 

Ruthenium 

Ru 

0 0001 

Th 

8 1 

77 = 

Rhodium 

Rh 

0 0001 


• Units are ppm of the earth s crust, which is the same as g/ionne. 
cLchtmu,^by W.S. Fyfe. Orford Un.ven.iy Press.,1974. nh some 


Values mainly from 
newer data. 
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Temperatures are in degrees Celsius. Large circles indicate high values and small circles low values; e indicates estimated value. Values given m 
parentheses are approximate. 


<0 • 

1-1500 • 
1501-3000 • 
>3000 • 
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Densities of the solid 
and liquid elements 


CamScanner 




Densities are given in gem 2 (which equals 10~'kgm~'). The value for carbon is the value for graphite. Large circles indicate large values and 
small circles small values. 
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Electronic structures of 
the elements 


z 

Element 

Symbol 

Structure 

1 

Hydrogen 

H 

H' 

2 

Helium 

He 

l.r 


3 

Lithium 

Li 

[He) 

2f‘ 



4 

Beryllium 

Be 

[ He j 

2r 



5 

Boron 

B 

I He) 

Is 2 

y 


6 

Carbon 

C 

j He j 

2r 

2 p 2 


7 

Nitrogen 

N 

[He) 

Is 2 

V 


8 

Oxygen 

O 

[He) 

Zr 

V 


9 

Fluorine 

F 

(He 

Is 2 

V 


10 

Neon 

Ne 

(He) 

Is 2 

2 p" 


II 

Sodium 

Na 

(Ne | 

3.v‘ 



12 

Magnesium 

Mg 

[ Ne | 

3Lr 



13 

Aluminium 

Al 

(Ne) 


V 


14 

Silicon 

Si 

[ Ne j 

3r 

V 


15 

Phosphorus 

P 

[Nej 

3v- 

V 


lb 

Sulphur 

S 

[Nej 

3.v" 

V 


17 

Chlorine 

Cl 

[Nej 

\r 

V 


IH 

Argon 

Ar 

[Nej 

3r 

V 


19 

Potassium 

K 

| Ar) 

4*' 



20 

Calcium 

Ca 

j Ar j 

As 2 



21 

Scandium 

Sc 

[ Ar) 

3d' 

4.r : 


22 * 

Titanium 

Ti 

Ar 

3 d 2 

Ar 


23 

Vanadium 

V 

| Ar) 

3 d' 

As 2 


24 

Chromium 

Cr 

Ar 

3d s 

4j' 


25 

Manganese 

ivin 

Ar 

3 d* 

As 2 


2b 

Iron 

Fe 

Ar 

3d* 

As 2 


27 

Cobalt 

Co 

Ar j 

3d 7 

As 2 


28 

Nickel 

Ni 

| Ar| 

3 d M 

As 2 


29 

Copper 

Cu 

| Ar| 

3 d'" 

As 1 


30 

Zinc 

Zn 

j Arj 

3d 1 " 

As 2 


31 

Gallium 

Ga 

(Ar) 

3d'" 

As 2 

Ap' 

32 

Germanium 

Gc 

(Arj 

3d 1,1 

As 2 

Ap 2 








APPENDIX E 


Element 

Arsenic 

Selenium 

Bromine 

Krypton 

Rubidium 

Strontium 

Yttrium 

Zirconium 

Niobium 

Molybdenum 

Technetium 

Ruthenium 

Rhodium 

Palladium 

Silver 

Cadmium 

Indium 

Tin 

Antimony 

Tellurium 

Iodine 

Xenon 


Symbol 


Structure 

|Ar|3</ lu 4r V 
I Ar| 3d 1 " 45 - Ap 4 
|Ar| 3d 1 " As 2 
[Ar| 3d'" As 2 Ap* 

1 Kr) 5.v‘ 

[Kr| 5.r 

[Kr| 4d' 5y 2 
(Kr) 4d 2 5r 2 
I Kr | 4d 4 5.y' 

|Kr| 4d s 5y' 

(Kr| 4d' 5s 2 
I Kr) 4d" 5 s' 

[Krj 4d 7 5i' 
f Kr | Ad* 5j' 

|Kr| 4d'"5* w 
|Kr| 4d'" 5 j' 

|Kr| 4d'"5j 2 

|Kr| 4d'" 5y 2 5 p ' 
|Kr| 4d'" 5y 2 5 p 2 
[Kr|. 4d'" 5s 2 5p' 

| Kr] 4d ,n 5v 2 5p J 
[Kr| 4d'" 5s 2 5 \p' 
|Kr| 4d'" 5 j 2 5 p* 


55 

Caesium 

Cs 

|Xe| 6v' 

56 

Barium 

Ba 

|Xej 

57 

Lanthanum 

La 

|Xe| id' hi 2 

58 

Cerium 

Ce 

|Xe| 4/' id' tw 2 

59 

Pra.-vcodymium 

Pr 

|Xe| 4/’ id" hv’ 

60 

Neodymium 

Nd 

|Xej 4f* id" (a 2 

61 

Promethium 

Pm 

|Xe| 4 f' id" (a 2 

62 

Samarium 

Sm 

|Xe| 4 f" id" ht 2 

63 

Europium 

Eu 

|Xe| 4 f id" to 2 

64 

Gadolinium 

Cid 

|Xe| 4/ 7 id' hv’ 

65 

Terbium 

Tb 

|Xe| 4 f" id" (a 2 

66 

Dysprosium 

Dy 

|Xe| 4/"' id" hr 

67 

Holmium 

Ho 

|Xe| 4 f" itt' hr 

6K 

Erbium 

Er 

|Xe| 4 f' 2 id" tv. 2 

69 

Thulium 

Tm 

|Xe| 4/" id" hr 

70 

Ytterbium 

Yb 

|Xe| 4/ 14 id" hr 

71 

Lutetium 

Lu 

IXej 4/ M id' hr 

72 

Hafnium 

III 

|Xe| 4/ u id 2 hr 

73 

Tantalum 

Ta 

|Xej 4/ 14 id' hr’ 

74 

Tungsten 

W 

|Xe| 4/ 14 id' hr 

75 

Rhenium 

Re 

|Xe| 4 f" id' hr 

76 

Osmium 

Os 

|Xf| 4/ 14 id" hr 

77 

Indium 

Ir 

|Xe| 4 f" id 7 hr 

7K 

Platinum 

Pt 

IXcj 4/ 14 id" tv.' 

79 

Gold 

Au 

|Xc| 4/ 14 id'" hi 1 

Wl 

Mercury 

Mg 

|X<| 4 1" id'" hr’ 
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*U[ 


z 



S^T-'SoJ 


Structure 

M| 

T>i Irem 


Tl 

|Xe| 

•»»‘ u «,-• 

*2 

Lcjd 



|Xe| 

V ,J 5J 1 " hr 

m 

H rvr- „i * 


Bi 

|X*I 

4/ M V H 'ft,- 

M 

r <4r«r-; . **- 


rv 

1^1 

4f' ,< S/“ ft,-' 


AtlJimc 


At 

|Xe| 

4/'* V ft,-' 

V- 

K>'V»* 


Rn 

|x*l 

V M V" ft,- 

M7 

lll'l ' 


Fr 

[R*| 

7t* 

% 

KM 

M , « 


Rj 

l*n| 

% 

KV 

Ad ' - — 


Ac 

IM 

n/' V 

•Ml 

TVnmsi 


Th 

IM 

N/ 7* - 

VI 



P» 

IM 

V */' V 

V2 

1 


l 

IM 

v* N/' 7*' 

VI 

Nr p» w *i w — 



IM 

■ y v 

V4 

I'lw' *• u~ 


Pu 

IM 

V N/“ V 


Amr r»t »•**• 


Am 

IM 

V’ Nr 7%‘ 

‘Mi 

( u r i u w 


< m 

IM 

V’ NV* 7< * 

V7 

Mcik rltu^i 


Mi 

IM 

V* N/*' V 




Hk 

IM 

V" N/’ 7/ 

VH 

( jlifmnium 


< r 

IM 

V "’N/" 7,’ 

‘Mi 

1 mvlnrmjr 


1 % 

1 Knj 

V" Nr 7,* 

ion 

1 crrmum 


\ m 

1 Kn| 

V' 4 N/’ 7% : 

101 

Mcnilcic' iufr, 


VltJ 

IM 

V" NT 7f’ 

102 

Nobclium 


No 

IM 

V* n/* 7,-* 

103 

L.ivk rcfuium 


U 

1 Krt| 

V 1 * */' V 

l(M 

Rulhcrfordiuri 


Mf 

IM 

V ' 4 N/' 7r 

105 

H.ihmum 


»L» 

1 Kn| 

V' 4 N/* 7/ 
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Some average single bond 
energies (kj mol -1 ) 




1 

Br 

Cl 

F 

S 

o 

P 

N 

Si 

C 

H 

H 

297 

368 

431 

565 

339 

464 

318 

389 

293 

414 

435 

C 

238 

276 

330 

439 

259 

351 

263 

293 

289 

347 


Si 

213 

289 

360 

539 

226 

368 

213" 

- 

176 



N 

— 

243 

201 

272 

— 

201 

209° 

159 




P 

213 

272 

330 

489 

23<r 

351° 

213 





0 

201 

— 

205 

184 

- 

138 






S 

— 

213 

251 

284 

213 







F 

— 

255 

184 

159 








Cl 

209 

217 

243 









Br 

180 

193 










1 

151 












c Indicates value estimated using electronegativity difference. 


Some double and triple bond energies (kJ mol' 1 ) 


C=C 611 C=C 

C=N 615 C=N 

c=0 740 c=0 

N=N 418 N=N 


836 

891 

1071 

945 
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APPENDIX 


G 


Solubilities of main group 
compounds in water 




F“ 

cr 

Br" 

r 

nh; 

vs 

37 

75 

172 

Li 4 

0.27 

83 

177 

165 

Na 4 

4.0 

36 

91 

179 

K 4 

95 

34.7 

67 

144 

Rb 4 

131 

91 

no 

152 

Cs 4 

370 

186 

108 

79 

Be- 4 

vs 

vs 

s 

dec 

Mg; 4 

0.008 

54.2 

102 

148 

Ca 24 

0.0016 

74.5 

142 

209 

Sr 4 

0.012 

53.8 

100 

178 

Ba 24 

0.12 

36 

l(M 

205 

Al' 4 

0.55 

70 dec 

dec 

dec 

Ga' 4 

0.002 

vs 

s 

dec 

In' 4 

(MM 

Vs 

\s 

dec 

Tl 4 

78.6" 

0.33 

0.05 

0.0006 

Tl' 4 

dec 

VS 

s 

s 

Ge" 

s 

dec 

dee 

s 

Ge ,N 

dee 

dec 

dec 

dec 

Sn" 

s 

270 dec 1 * 

s 

0.98 

Sn ,v 

vs 

dec 

dec 

dec 

Pb" 

0.0(4 

0.99 

0.844 

0.063 

Pb 1 ' 


dec 



As m 

dec 

dec 

dec 

6.ir' 

As' 





Sb m 

dec 

dec 

dec 

dec 

Sb' 


dec 



Bi m 

ss 

dec 

dec 

ss 


12.8 

109 

112 

177 

m 

ss 

0.0009 

0.156 

0.811 

3.9 


Nor CO-; 
192 12 


so l~ HC0{ 


70 

K7 

31.6 

53 

23 


1.33 

21 

112 

450 

vs 


9.55 4.0“ 


35 

19.4 

III 

48 

179 

39 

33 

0.21 

0.013 

0.00024 

38 

v\ 

s 

4.87 


0.016 55 0.00011 SS 


di » dec dec ss 0.00014 dec dec 

Solubilities in grains ol solute |kt 100 grams of water at 20°C unless otherwise 
indicated, vs = \cr\ soluble: s = soluble: ss = slightk soluble: dec = decomposes 
a = at tr'C'. b = at I5°C: c = at IS°t\ d = at 25°C. 
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Atomic weights based on 

12 C = 12.000 


APPENDIX 

H 


Element 

Atomic weight 

Actinium 

227 

Aluminium 

26.9X2 

Americium 

(243) 

Antimony 

121.75 

Argon 

39.94X 

Arsenic 

74.922 

Astatine 

(210) 

Barium 

137.34 

Berkelium 

(249) 

Beryllium 

9.102 

Bismuth 

20X.9X 

Boron 

10.HI 1 

Bromine 

79.909 

Cadmium 

112.40 

Caesium 

132.905 

Calcium 

40.OK 

Californium 

(251) 

Carbon 

12.01115 
• • _ 

Cerium 

I40.J2 ’ 

Chlorine 

35.453 

Chfomium 

51.996 

Cobalt 

5K.933 

Copper 

63.54 

Curium 

(247) 

Dysprosium 

162.50 

Einsteinium 

(254) 

Erbium 

167.26 

Europium 

151 96 

Fermium 

(253) 

Fluorine 

IK.99 3 

Francium 

(223) 

Gadolinium 

157.25 

Gallium 

69.72 

Germanium 

72.59 

Gold 

196.967 

Flafnium 

I7K 49 

Helium 

4 003 


Element 

Atomic weight 

Holmium 

164 93* 

Hydrogen 

1.00797 

Indium 

II4.X2 

Iodine 

126.904 

Iridium 

192.2 

Iron 

55.X47 

Krypton 

X3.X0 

Lanthanum 

I3X.91 

Lead 

207.19 

Lithium 

6.939 

Lutetium 

174.97 

Magnesium 

24.312 

Manganese 

54.93K 

Mendelcvium 

(256) 

Mercury 

200.59 

Molybdenum 

95.94 

Neodymium 

144.24 

Neon 

20.1X3 

Neptunium 

(237) 

Nickel 

5X.7I 

Niobium 

92.91 

Nitrogen 

14.0067 

Nobelium 

(254) 

Osmium 

190.2 

Oxygen 

15.9994 

Palladium 

106.4 

Phosphorus 

30 973X 

Platinum 

195 09 

Plutonium 

(242) 

Polonium 

(210) 

Potassium 

39.102 

Praseodymium 

140.91 

Promethium 

(147) 

Protactinium 

(231) 

Radium 

(226) 

Radon 

(222) 

Rhenium 

1 X6.2? 
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APPENDIX H ' 

■ -- - 


Element 

Atomic weight 

Element 

Atomic weight 

Rhodium 

102.91 

Terbium 

153.92 

Rubidium 

85.47 

Thallium 

204.37 

Ruthenium 

101.07 

Thorium 

232.04 

Samarium 

150.35 

Thulium 

168.93 

Scandium 

44.% 

Tin 

118.69 

Selenium 

78% 

Titanium 

47.90 

Silicon 

28.086 

Tungsten 

183.85 

Silver 

107.870 

Uranium 

238.03 

Sodium 

22.9898 

Vanadium 

50.942 

Strontium 

87.62 

Xenon 

131.30 

Sulphur 

32.064 

Ytterbium 

173.04 

Tantalum 

180.95 

Yttrium 

88 91 

Technetium 

(99) 

Zinc 

65 37 

Tellurium 

127.60 

Zirconium 

91.22 


Values in parentheses are for the most stable isotope. 
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Values of some fundamental 
physical constants 



Planck's constant h = 6.6262 x MP^Js 

mass of electron m - 9.1091 x Mr' 1 kg 

charge on electron e = 1.60210 x 10" ,€, C 

permittivity of a vacuum e„ = 8.854 185 x I0~ ,2 kg _l m*' A 2 

permeability of a vacuum = 4 ji x l(r 7 kgms" 2 A~ 2 

velocity of light in a vacuum c = 2.997925 x 10*ms - ' 

Avogadro constant N° = 6.022045 x lO^mol -1 

Boltzmann constant k = 1.3805 x 10“ : 'JK"' 

Bohr magneton = 9.2732 x IO~ 24 Am 2 = JT' 1 
magnetic moment and dipole moment p units are Am 2 = JT _I 





Element 

Symbol 

Temp 

CC) 

Resistivity 

(pohmem) 

Silver 

A e 

20 

1 50 

Copper 

Cu 

20 

1 673 

Gold 

Au 

20 

2 35 

Aluminium 

Al 

20 

2 65S 

Calcium 

Ca 

20 

3 5 

Beryllium 

Be 

20 

4.0 

Sodium 

Na 

0 

4 2 

Magnesium 

Mg 

20 

4 46 

Rhodium 

Rh 

20 

4 51 

Molybdenum 

Mo 

0 

5 2 

Indium 

Ir 

20 

5 3 

Tungsten 

W 

27 

5 65 

L.inth.inum 

La 

2.S 

5 7 

Zinc 

Zn 

20 

5 02 

Potassium 

K 

0 

6 15 

('ohalt 

Co 

20 

6 24 

C'.idmium 

I'd 

0 

6 HA 

Niekel 

N. 

20 

6 K4 

Ruthenium 

Ru 

0 

7 6 

Indium 

In 

20 

H 37 

Lithium 

L. 

20 

H 55 

Osmium 

Os 

20 

0 5 

Iron 

Fe 

20 

0 71 

Platinum 

Pt 

20 

10 6 

Palladium 

Pd 

20 

10 H 

Tin H 

Sn 

0 

|| 

T.mtaluin 

la 

25 

12 45 

Rubidium 

Rb 

20 

12 5 

Niobium 

Nb 

0 

12 > 

Chromium 

Cr 

0 

1' u 

Thorium 

Ih 

0 

1 \ 

Thallium 

Tl 

0 

IH 

Rhenium 

Re 

2o 

10 \ 

Caesium 

<\ 

20 

2o 

lead 

Strontium 

Pb 

Nr 

2o 

20 

20 MS 

23 

RlMsIiMlv o| ( .a is s 
♦ White phosphoriiN 

2 1 - > or m \ ,iohm 


jistivity of the 
it the stated 
jrature 








Top fifty chemicals in the 

USA, 1994 


APPENDIX 

K 



Position Chemical 


Billion Ib/year Million tons/year 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 
34 

34 

35 

36 

37 


Sslphiirk acid 

Nitrogen 

Oxygen 

Ethylene 

Lime 

Ammonia 

Propylene 

Sodium hydroxide 

Photphork acid 

Sodium carbonate 

Ethylene dichlonde 

Nitric add 
Ammonium nitrate 
Urea 

Vinyl chloride 
Benzene 

Methyl /-butyl ether 
Ethyl benzene 
Styrene 

Carbon dioxide 

Methanol 

Xylene 

Terephthalic acid 
Formaldehyde 
Ethylene oxide 
Toluene 

Hydrochloric acid 
p-Xylene 
Ethylene glycol 
Cumene 

Ammonium sulphate 

Phenol 
Acetic acid 
Propylene oxide 
Butadiene 

Carbon black 


89.20 
67.54 

49.67 
48.52 
38.35 
37.93 
28.84 
25.83 
25.26 

24.20 
20.56 
18 70 
18.65 
17.61 
16.13 
]4 81 
14 to 

13.67 
II 87 
I) 27 
10.99 
10.81 
9 06 
8.64 
7 94 
6.78 
6.75 
6.71 
6.23 
5.55 
5.16 
5.08 
4.05 
3.82 
3.70 
3.40 
3.31 


44.6 

33.8 

24.8 

24.3 

19.2 
19.0 

14.4 

12.9 

12.6 
12.1 

10.3 
9.4 

9.3 
8.8 
8.1 

7.4 

7.3 
6.8 

5.9 

5.6 

5.5 

5.4 

4.5 

4.3 
4.0 

3.4 
3.4 

3.4 
3.1 
2.8 

2.6 

2.5 
2.0 

1.9 
1.9 

1.7 
1.7 
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APPENDIX K 


Position 

Chemical 

Billion Ib/year 

Million tons/year 

38 

Potash 

3.14 

1.6 

39 

Acrylonitrile 

3.08 

1.5 

40 

Vinyl acetate 

3.02 

1.5 

41 

Acetone 

2.77 

1.4 

42 

Titanium dioxide 

2.74 

1.4 

43 

Aluminium sulphate 

2.30 

1.2 

44 

Sodium silicate 

2.13 

1.1 

45 

Cyclohexane 

2.11 

1.1 

46 

Adipic acid 

1.80 

0.9 

47 

Caprolactam 

1.68 

0.8 

48 

Bisphenol A 

1.48 

0.7 

49 

n-Butyl alcohol 

1.45 

0.7 

50 

Isopropyl alcohol 

1.39 

0.7 


Inorganic chemicals are shown in bold type. Data are reproduced from Chemical d 
Engineering News , page 39,26 June issue, 1995. These figures are updated annually 
and published under Facts and Figures in June/July. 
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APPENDIX 


Inorganic chemicals 
manufactured in large 
tonnages (worldwide) 



Chemical Million tonncs/ycar 

Chemical 

Million tonnes/year 

Cement 

1396 

(Polystyrene) 

9.9 

Cast iron and steel 

717 

Beniomtc 

9 2 

Coke 

390 

Mn 

9 

NaCI 

183.5 

Talc 

8.4 

H,S0 4 

145.5 

Soap 

7 4 

CaO 

127.9 

Zn 

7 3 

NH, 

110 

Pb 

5.3 

O: 

100 

CaC; 

4 9 

CaS0 4 

88.2 

BaS0 4 

4 9 

n 2 

60 

Carbon black 

4 5 

s 

57 

Na;S0 4 

4.3 

CU 

35.3 

Puller’s earth 

4 2 

NaOH 

38.7 

TlO; 

4 1 

CO(NH : ), 

35 

Al;(S0 4 ), 

3.7 

Phosphates 

34 

CaF; 

3 6 

(based on P;0«, content) 


Ferrosilicon 

3.5 

Glass 

33.4 

Ferromanganese 

3 4 

Na>CO, 

31.5 

Cr 

3.3 

HNO, 

24.7 

Ferrochromc 

3 1 

(Polythene) 

24.6 

Asbestos 

2.8 

Potassium salts 

24.5 

Soluble silicates 

2 6 

(based on K-.O content) 


(in terms of SiO : 

content) 

Al 

24 4 

Explosives 

2.5 

Kaolin 

22.5 

Na : B 4 0 7 


(Polyvinyl chloride) 

14 9 

Kicselguhr 


Chalk 

14 2 

HF 

1.5 

Tin plate 

14 

CaNCN 

1 

HQ 

12.3 

P 

1 

(Polypropylene) 

12 

HO; 

1 

Cu 

11 

Si 

>1 

MgCO, 

10 8 

Na^O, 

>1 

CO. 

10 




Organic compounds in parentheses 




Chemical 

Tonnes/year 

Chemical 

Tonnes/yet, 

NaOQ 

950000 

AICI, 

50000 

Natural graphite 

930000 

Lanthanides 

47900 

Ziroon/baddeleyte 

918000 

(based on Ln : 0 3 content) 

NaHCOj 

900000 

ASjOj 

47000 

Active charcoal 

864200 

Organotin 

40000 

Ni 

850000 

W 

39000 

Ar 

700000 

u 

34400 

PbO/Pb (‘black oxide’) 

700000 

Co 

30100 

Sodium peroxoborate 

700000 

V 

28400 

Ferronickel 

596000 

Cd 

20700 

Vermiculite 

500000 

PCI, 

20000 

Br 2 

370000 

N 2 Hi 

-20000 

ZnO 

366500 

He 

18800 

Mg 

303000 

Pb 3 CX» 

18000 

SiC 

300000 

h 

17500 

Silicones 

300000 

Nb 

15200 

HCN 

300000 

Ag 

13818 

Strontium compounds 

283100 

Lithium salts 

8900 

cs. 

280400 

(based on Li content) 


PbO (litharge) 

250000 

La 

5000 

pa 3 

250000 

Bi 

3600 

P*S| 0 

250000 

Hg 

3200 

Mica 

214000 

bf 3 

3000 

H 3 BOj 

211000 

Au 

2134 

Sn 

177000 

Se 

1670 

Ca(OCI) 2 

150000 

Ca 

1000 

PbEt 4 

150000 

n-Butyl lithium 

1000 

Mo 

129000 

Ta 

600 

CuS0 4 

123956 

Th compounds 

500 

NaCN 

120000 

Boron 

300 

Garnet 

106099 

Pt group metals 

281 

Freons 

100000 

Te 

152 

Sb 

84000 

In 

145 

Na 

80000 

Ge 

50 

Na 2 Cr 2 0 7 

69300 

Re 

32 

Li 2 C0 3 

50000 

Ga 

28 

Ti 

50000 

Diamonds 

19.68 



TI 

14.5 



Minerals used in 
large amounts 


APPENDIX 

M 



Mineral 

Million 

tonnes/year 

Coal 

4530 

Crude oil 

3034 

Iron ore 

959 

Sodium chloride 

.183.5 

Phosphate rock 

145 

Limestone 

127.9 

Bauxite 

108.6 

Gypsum 

88.2 

Sulphur 

54.1 

Sodium carbonate 

31.5 

Potassium compounds 

24.5 

(sylvite, sylvinite, carnallite) 


Pyrolusite 

22.7 

Kaolin 

22.5 

Chalk 

14.2 

Magnesite 

10.8 

Copper ores 

9.3 

Bentonite 

9.2 

Talc 

8.4 

Ilmenite and rutile 

8.3 

Zinc ores 

7.3 

Barytes 

4.9 

Fullers earth 

% 

4.2 

Sodium sulphate 

4.3 

Fluorite 

3.6 

Chromite 

3.2 

Galena 

3.1 

Asbestos 

2.8 


Uses 


Energy, chemicals, coke 
Energy, petrochemicals 
Iron, steel and ferrous alloys 
Chlor-alkali industry, NaOH, Cl 2 , 
Na 2 C0 3 . HC1 

Fertilizers, detergents, water 
treatment, phosphorus, H 3 P0 4 
CaC0 3 , CaO. Ca(OH) 2 , CaC 2 , Ca 
Al. A1 2 0 3 , AI(OH) 3 , AI 2 (S0 4 ) 3 
Used in plasterboard, plaster, 
cement retarder 
Sulphuric acid manufacture 
Cleaning products 
Fertilizers, KOH, K0 2 , K 

Mn alloys, Mn0 2 , paint driers 
Ceramics (porcelain), paint, filling 
paper, roofing, plastics filler 
Filler 

Mg and its compounds 
Cu 

Drilling mud, thixotropic paint 
Ceramics, paint, paper, roofing, 
plastics, cosmetics 
Ti0 2 pigments (paint, paper, 
plastics, rubber), andTi (jet 
engines, space, missiles) 

Zn alloys and rustproofing 
Slurry used for oil/gas drilling, Ba 
compounds, fillers, pigments 
Absorbent, and used to decolorize 
and deodorize mineral and 
vegetable fats/oils 
Paper, glass, detergents 
HF, AIF 3 , Na 3 [AlF 6 ], F 2 , organic 
fluorides 

Chromates, dichromates, ceramics, 
pigments, chromium 
Pb batteries, Pb sheet, solder, 
bearings 

Heat-resistant matenal, filler, 
reinforced cement, roofing sheets 


/ 


\ 
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Mineral Million 

tonnes/year 



Kieselguhr Si0 2 

2.0 

Borates 

1.0 

Graphite 

0.93 

Zircon/baddeleyite 

0.87 

Nickel ores 

0.66 

Sodium nitrate 

0.55 

Vermiculite 

0.5 

Bromine compounds 
(sea water) 

0.37 

Cobalt ores 

0.31 

Mica 

0.21 

Cassiterite 

0.18 

Strontianite 

0.17 

Molybdenite 

0.13 

Garnets 

0.106 

Monazite/bastnaesite 

0.08 

Uranium ores 

0.034 

Iodine compounds 

0.017 

Li minerals 

0.009 

(spodumene/lepidolite) 

Beryl 

0.005 


Inert filler, filtration plants, abrasive 
Borax, boric acid, perborates, glazes 
Refractories, brake linings, lubricants 
pencils, moulds and used in reactors 
Zr (cladding for nuclear fuel rods) 

Ni and alloys 
Fertilizers, explosives 
Packing and artificial soil 
Bromides, agricultural chemicals 

Alloys 

Cement, paint, roofing, electrical 
insulation, filler 
Sn 

Sr compounds 
Alloys, Mn0 2 
Sandpaper, gemstone 
Lanthanide and thorium compounds 
Nuclear power and weapons 
Pharmaceuticals, photography, lodates, 
iodides, iodine, animal feed supplements, 
catalysts, inks, 

Li 2 C0 3 (Al production), Li stearate 
(greases), LiOH, ceramics/glass 
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APPENDIX 


Hardness of minerals - 
Mohs’ scale 



Sometimes rocks are called soft because individual particles, which may 
be quite hard in themselves, are loosely held as an aggregate and fall apart 
fairly readily. The hardness of a mineral is something quite different and 
refers to the resistance of the whole surface to be scratched. 

More than a century ago a mineralogist called Friedrich Mohs devised a 
scale of hardness called after him. He arbitrarily assigned talc (the softest 
known mineral) a hardness of I, and diamond, (the hardest known 
mineral) a vitluc of 10. The scale is arbitrary and does not indicate any 
exact hardness. Thus a mineral of hardness 6 can scratch those below it in 
the scale but it. does not imply that it is twice as hard as a mineral of 
hardness 3. Two minerals of the same hardness will both scratch each 
other. There is a very large difference between 9 and 10 on the scale 


Table INI. I Mohs' scale of hardness 


Mohs' scale 

Mineral 

10 

Diamond 

9 

Corundum 

8 

Topaz 

7 

Quartz 

t > 

Microcline 

5 

Apatite 

4 

Fluorite 

3 

Calcite 

i 

4m 

CApsum 

1 

Talc 


Common objects such as a fingernail, a copper com. a knife blade or a 
metal hie can also be used as test instruments. It ma> be convenient to use 
these to test samples tor hardness quickly and easily when out in the held 






Table N.2 Tools for hardness lesling 


Mohs’ scale 

Tool 

6.5 

Steel nail file 

5.5 

Penknife blade 


or window glass 

3.5 

Copper coin 

2.5 

Fingernail 


Minerals of hardness below 6.5 can be scratched by a nail-file, those under 
5.5 are scratched by a penknife, those under 3.5 are scratched by a copper 
coin and those under 2.5 are scratched by a fingernail and will leave a mark 
on paper. Conversely minerals over 5.5 will scratch glass. 


Scanned by CamScanner 



APPENDIX 


Standard textbooks 



FURTHER READING 

In addition to the further reading lists given at the end of each chapter, 
further information or a different treatment may he found in the following 


Advanced and reference 

Bailar, J.C. Emeleus. II.J., Nyholm. R S. and Trotman Dickinson. A f (cds) 
Comprehensive Inorganic Chemistry, (5 vols). Pergamon. 1'^ ' ( A collection of 
reviews systematically covering the elements with a few special topics Slighrlv 
dated, it still provides much detailed information and mans earlier reference. ) 

Colton, F A. and Wilkinson. G.. Advanced Inorganic Chemistry. Mh cd . John 
Wiley. 1W8. (A comprehensive research level text by the well-known Nobel 
laureate. It contains extensive up-to-date references to the original literature i 

Emeleus. H.J.. gen ed.. MTP International Review of Science. (10 vols). Butter- 
worths 197S Individual volumes are edited by Lappert, M.F . Sowerbv. D B . 
Gutmann. V.. Aylelt. B.J.. Sharp. D.W.A.. Mays. M.. Bagnall. k VS 
Maddock. AG . Tobe, M L and Roberts. L.E.J (Like Comprehensive 
Inorganic Chemistry it collects reviews systematically covering the elements with 
a few special topics. It too is slightly dated but still provides much detailed infor¬ 
mation and many earlier references.) 

Greenwood. N N and Earnshaw. A . Chemistry of the Elements. Pergamon. 

(A large and comprehensive advanced text for undergraduates and post¬ 
graduates. Best in its class, it provides an excellent treatment of systematic 
inorganic chemistry including both theoretical and practical aspects and mans 
up-to-date references to the literature.) 

Kirk. RE and Othmer. DF (eds). Encyclopedia of Chemical Technology. 
3rd ed O vols). \V»ley. I9S4 (A comprehensive treatment of the chemicaK 
used in the chemical industry, how they are made and what they are used tor I 


Other general university-level texts 

Burns D X Carter. A H and Townshend. A . Inorganic Rea* non Chemistry 
Reit* turns ot the Elements and I heir Compounds. (Fills Norwood Senes in 

Analytical Chemistry). Halstcd Prevs, I*<l 

Colton. F A Gaus. P L and Wilkinson. O . Basic Inorganic ( nemiurv. _nd ed . 

John Wiley. IWSn , , , ... . . , 

IWIas B McDaniel. DM and Alexander JJ. Loncepa and Moaels of 

h,organic Chemistry, M ed . John W.lev * Sons. 1*0 






■ Chemistry, McGraw-Hill, 1985. 

Jolly. W.L.. Principles of lo Modern Inorganic Chemistry. 4th ed„ 

Mackay. K. and Mackay. A., Introduction 

Prentice Hall, 1989. rk.mvarv Ellis Horwood, 1990. 

Massey. A.G., Mam Group Chems ^ j sworth 1986 

Mortimer. C.E , Chemistry ed. ’ John W.ley, 1987. 

SSE: d?:: aSSTp.w. iW** cH • ,norganic CVmi, " y - °** 


Bioinorganic chemistry 

Bioinorganic Chemistry. Journal of Chemical Education. 1986. (ISBN 0-910362- 

Hay^icW.. Bio-Inorganic Chemistry. (Ellis Horwood Series in Chemical Science). 

Hughes, M.N., The Inorganic Chemistry of Biological Processes, 2nd ed.. John 
Wiley, 1981* 
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Page numbers in bold refer to the most important reference for the entry. 


Absorbance 951 

Abundance of gases in dry air 470 
Abundance of elements 178, 

Appendix A 

Acetaldehyde (ethanal), manufacture of 
803, 810, 851 

Acetone, manufacture of 810 
Acetylene, see Ethyne 
Acids and bases, theories of 256,257, 
258,260-68 
Arrhenius theory 258 
Bronsted-Lowry theory 262-64 
hard and soft 267-68 
in proton solvents 260-62 
Lewis theory 265 
Lux-Flood theory 267 
pH scale 261-62 
Usanovich theory 267 
Acid rain 245, 530-39 
Actinides 879-902 
americium 895-% 
availability of isotopes 887 
comparison with lanthanides 880 
electronic structure 879 
Fermi, E. 890, 920,922 
further extension of the periodic 
table 898-900 
general properties 886-87 
later actinides 896-98 
Maddock. A.G. 889 
main isotopes and their sources 885 
Manhattan project 890,920 
neptunium 895-% 
decay series 915-16 


nomenclature for the superheavy 
elements 898-99 
nuclear fission 891-93, 918-20 
occurrence and preparation 882-86 
oxidation states 881-82 
physical properties 887 
plutonium 895-% 

position in the periodic table 879-80 
protactinium 889-90 
superheavy elements 
half lives 899 
nomenclature 898-99 
thorium 887-89 
decay series 915-16 
monazite sand 679, 862-63,883, 
887-88 
thorite 883 
uranium 890-95 
camotite 697,891 
chemical properties 893 
decay series 915,916 
extraction 891 
fission 891-93,918-20 
fluorides 586, 599 
halides 894-95 
hydrides 893-94 
occurrence 891 
oxides 894 
pitchblende 883,891 
uraninite 891 
uranyl nitrate 894 
Actinium 679,680 
decay series 915,916 
see also Scandium group 
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Activation analysis 933 
Adipic acid 506,698 
Alkali metals, see Group 1 
Alkaline earth metals, see Group 2 
Alkyl chlorosilancs 447-51 
Alloys 132-40 

Hume-Rothery rules 135-40 
interstitial 132-35 
substitutional 135-40 
superconducting 141 
types 132 

Allred and Rochow electronegativity 
162-63 
Alnico 784, 802 
Alpha radiation 913-15 
Aluminium 
alkyl catalysts 397-98 
alumina 381-82 
aluminates 291,382-83 
alums 194,372.723.770 
amphoteric behaviour 382-83 
bauxite 360 
boiling point 360 
carbide 417 
cement 373 
chloride 387-88 
complexes 389 
cryolite 362, 586 
electronegativity value 367 
electronic structure 359 
ethyl 3.97-98 

extraction and uses 362-63 
fluoride 362. 586. 599 
Fricdcl-Crafts reaction 386 
Hall-Heroult process (Al) 362-63 
ionic radii 367 

ionization energy 149. 369-70 
lithium aluminium hydride 297. 

384-85 

melting point 366 

metallic radii 137, 367 

organometallic compounds 397-98 

occurrence and abundance 360 

oxide 381-82 

reactions of 370-72 

standard reduction potentials 167. 

368-69 
sulphate 372 
uses 363 

see also Group 13 
Aluminates 291.3S2-S3 


Alums 191, 372, 723, 770 
Americium, see Actinides 
Ammonia 479-80, 492-94 
bonding 34 

cyanamide process 492 
detection 479 

liquid 263-64, 302-03, 335,48647 
production by Haber-Bosch process 
242, 243, 244, 491, 492-94 
-soda process 323 
structure 73, 77, 81 
Ammonium ion 35 
dichromate 722 
nitra'e 499 
perchlorate 619 
pertechnate 735 
salts 480 

Amphiboles 438-39 
Andrussow process (HCN) 453 
Angular part of wave function 17-9 
Aniline 506 
Antimony 

allotropic forms 475-76 
boiling point 472 
covalent radius 475 
electronegativity 475 
electronic structure 468 
halides 494-98 
hydride 481 
ionization energy 475 
melting point 472 
occurrence, extraction and uses 
471-72 

oxide ion SbO* 495 
oxides 508-11 

standard reduction potentials 167.4^0 
see also Group 15 
Anti-neutrino 910 

Applications of radioisotopes 932-34 
Aragonite 426 
Argon, see Group 18 
Arrangement of the elements in groups 
25-7 

Arrhenius theory of acids 258 
Arsenic 

allotropic forms 475-76 
boiling point 472 
covalent radius 475 
electronegativity 475 
electronic structure 468 
halides 494-98 



1001 


hydride 481 
ionization energy 475 
melting point 472 
occurrence, extraction and uses 
471-72 
oxides 508-11 

standard reduction potentials 167,4<# 
see also Group 15 
Arsine 481 

Asbestos 319, 438-39 
Astatine 583, 590 
Atomic 
bomb 892 
number 1,905 
orbitals 13-21 

orbitals and quantum numbers 15 
size 905 
structure 1,2 
Atomic spectra 2-10 
Baimer series 2, 8-9 
Brackett series 2, 3, 8-9 
Humphries series 2, 8-9 
Lyman series 2, 8-9 
Paschen series 2,3, 8-9 
Pfund series 2,3, 8-9 
ATP 471 

Attainment of a stable configuration 
30 

Aufbau build-up principle 21,23-4, 

98-9 

Azeotropic mixture 560, 602 
Azides 117,487-89,488,499 
Azotobacter 474 

Baking powder 294 

Baimer series 2, 8-9 

Band gaps in semiconductors 64 

Band theory of metals 128-31 

Barium, see Group 2 

Basic beryllium acetate 350-51 

Basic beryllium nitrate 343 

Basic oxygen process (steel) 535-36. 

759 

Bessemer-Thomas process 757-58 
Kaldo and LD processes 759 
puddling 757 

Siemens electric arc furnace 758-59 
Siemens open hearth furnace 758 
Basic properties of the halogens 629-31 
Bustnacsite 863 
Bauxite 360 


Bednorz and Muller 142 
Benzene ammino nickel cyanide 
(clathrate) 807 
Berkelium, see Actinide 
Beryllium 

anomalous properties 325 332-34 
353-54 

atomic structure 2 
basic acetate 350-51 
basic nitrate 343 
carbide 417 

electronic structure 325 
extraction 327-28 
fluoride 73, 83-4 
metallic structure 125 
molecule 100-01 
occurrence and abundance 326 
oxalate complex 350-51 
tetrafluoroberyllate ion 350 
uses 328 
see also Group 2 

Bessemer-Thomas converter 757-58 
Beta emission 909-10 
Bicarbonates 294-95 
Bidentate ligands 223 
Binding energy 912-13, 914 
Bioinorganic chemistry of iron 775-79 
Biogradable detergents 555-56 
Biological importance 
of calcium and magnesium 353 
of chromium and molybdenum 732 
of cobalt 796-97 
of copper 816.832-33 
of manganese 734, 751 
of sodium and potassium 279, 308 
of zinc 851-52 

Birkeland-Eyde process (HN0 3 ) 505 
Bismuth 

boiling point 472 
bismuthine 481 
covalent radius 475 
electronegativity 475 
electronic structure 468 
halides 494-98 
hydride 481 
ionization energy 475 
melting point 472 

occurence, extraction and uses471-72 
oxides 508-11 
oxide ion BiO* 495 
standard reduction potentials 490 
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Bismuth {coni.) 
structure 476 
secaUo Group 15 
Bismuthine 481 
Blast furnace 755-57 
Blister copper 817 
Blue baby syndrome 494 
Body-centred cubic structure 36-9 
Bohr 

theory 6-8 
orbits 9 

refinements to theory 8-10 
Sommcrfidd orbits 10 
Bomb making 922 
Bond 

coordinate 34-5 
covalent 30-1,35-4. 72-119 
MO theory 89-119 
heteronuclear diatomic examples 
109-12 

homonuclear diatomic examples 
99-107 

examples of delocalized multi- 
centre 7i bonds 112-18 
Sidgwick-Powell theory 74-5 
table of shapes 75 
valence bond theory 80-9 
VSEPR theory 74-80 
delta 96, 830 
double 35-6, 73 

extent of d orbital participation 85-7 
four-centred 114, 304. 386, 507 
hydrogen 255-57, 533 
ionic 30-3, 43-68 
metallic 36-9,121-45 
free electron theory 128 
valence bond theory 128 
MO or band theory 128-31 
M-M bonds in compounds 674 703 

706.709,711,722.726,737 ’ 
738,745,747.763,787 191 
810 ’ 
multicentre 112-18. 252.381,422 
of intermediate character 31-2 
order of 105 
pn-dn 456. 509-10 

quadruple 713, 725-26 
three-centred 1 16, 117, 333, 384 

395-97.424.489.504.S41.606 

transition metal complexes 
crystal field theory 202, 204-10 


molecular orbital theory 202-03 
227-30 

valence bond theory 202 , 203-04 
triple 35-6 
types of 30-1 
Bonderizing 762 
Bonding 

extent of d orbital participation 85-7 
in CaCI 2 33 
in CCI 4 33 
in C\ 2 33 
in HF 34 
in H 2 0 34 
in NaCI 31-2 
in NH 3 34 
Borates 374-79 
Bordeaux mixture 818 
Bondes 380-81 
Born exponent 55-7 

Born-Habcr type of cycle 154-56 169 
282-84,595.603-04 
Bornitc 817 

Born-Lande equation 56 
Boron 

atomic structure 2 
boiling point 360 
borates 374-79 
borax 360-61,377 
borax-bead test 374 
borazine 393-94 
borides 380-81 

borohydrides (tetrahydndoborates) 
297.383-85 
borosilicate glass 445 
carbide 361,381,418 
carboranes 397 

differences B and rest of group 389 
dihalides 388 

electronegativity value 367 
electronic structure 359 
extraction 360-61 
fiuobonc acid 380 
Fnedel-Crafts reaction 386 
hydrides 390-97 
compounds known 390 
preparation 390-92 
reactions of 392-94 
hydroboration 392-93 
ionization energy 149, 369-70 
isopoly acids 379-80 
nitride 395-94 
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melting point 366 
metallic radii 137,367 
molecule 101-02 
monohalides 388-89 
nitride 393-94 

occurrence and abundance 360 
order of MO energy levels 98,102 
organometallic compounds 397-98 
orthoboric acid 375-77 
Pyrex glass 362, 445 
qualitative analysis 380 
reactions of 370 
steel 892 
structure of 
boron 366,395 
borates 376-79 

sodium peroxoborate 361-62, 379 

sesquioxide 362, 374 

sodium borohydride 297, 384-85 

tetrahydridoborates 383-85 

trifluoride 73, 82, 84,385-87 

uses 361-62 

see also Group 13 

Borohydrides (tetrahydridoborates) 
383-85 

Borosilicate glass 445 
Brackett series 2,3,8-9 
Brass 139,818,838 
Bridging halides 606 
de Broglie dual nature of electrons 11 
Bronsted-Lowry theory of acids 262-64 
Bronze 406 
Bromine 
colour of X 2 583 
covalent radius 591 
electron affinity 154,591 
electronegativity 160, 592 
electronic structure 582 
extraction and uses 588-89 
hydration energy 591 
interhalogen compounds 621-27 
ionic radius 591 
ionization energy 149, 592 
melting point 593 
occurrence and abundance 583-84 
oxides 611-12 

oxidizing power of X 2 594-96 
oxoacids 614-21 / 

polyhalides 628-29 
positive bromine 629-31 
reaction with water 596-97 


reactivity 597-98 

standard reduction potentials 592, 
613-14 
trifluoride 626 
see also Group 17 
Brown ring test 500,765 
Build up of the elements 21,23-4, 
98-9 

Cadmium, see Zinc Group 
Caesium 

chloride structure 48 
see also Group 1 
Calamine 836 
Calcite 425-26 
Calcium 

biological role 353 
carbonate 425-26 
electronic structure 325 
extraction 329 
carbide 51-2,346-47,417 
chloride 33, 323, 345 
cyanamide 346-47, 417,492 
fluoride 48, 327,345 
fluoroapatite 327 
hydroxide 315-17,323,337 
hypochlorite (bleaching powder) 340 
occurrence and abundance 326-27 
phosphate 470-71 
sulphate 327, 341-42 
uses 329 
see also Group 2 
Calgon 516 

Californium, see Actinides 
Cancer treatment 811,934 
Carats (gold) 819 
Car batteries 407 
Carbides 
covalent 418 

crystal structure CaC 2 51-2 
interstitial 417-18 
of Group 1 303 
of Group 2 346-47 
Carbon 

activated charcoal 404 
allotropy 407-09 
atomic structure 2 
black 403 

C 2 molecule 102-03 
carbides 416-18 
covalent 418 
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Carbon 

carbides ( cont .) 
interstitial 417-18 
salt like 416-17 

carbonyls 420-23, 711. 727,739-40, 
763-64, 765.768.787-88, 
805-06 

carbonyl halides 422-23 
catenation 409-10 
coal gas 419 
coke 403, 755 
cycle 427-28 
covalent radius 411 
dating 410-11, 917, 932-33 
diamond 404, 407-08 
differences from Si and Group 14 
409-10 

dioxide 73, 87-8, 116-17, 423-25 
abundance in dry air 470 
solid 423 

disulphide 428-29,458, 539 
electronic structure 402 
electronegativity values 160 ,411 
extraction and uses 403-04 
graphite 404, 408-09 
compounds 414-16 
halides 33.73.457,586 
hydrides 451 
ionization energy 411 
melting point 411 
mixed chlorofluorocarbons 458 
586-87, 599 
monoxide 419-23 
estimation 612 
molecular structure 100-12 
multiple bonds 409 
occurrence and abundance 403 
order of MO energy levels 98 
producer gas 419-20 
reactivity 412-13 
suboxidcs 425 

letruchloride (lelrachloromethane) 
33.73.457.771 

Ictraduoridc (tclrafluoromclhane) 

457.S86 
water gas 419 
see also Group 14 
Carbonate ion 112-14 
Carbonyl halides 422. 4 S 7 
Carbonyls 420-22. 71*1.727. 3^, 

763-64. 765. 768. 787-88 
805-06 


Carborundum 418 
Cardice 423 
Carnallite 194 
Carnotite 697, 891 
Caro’s acid 563 

Cartesian and polar coordinates 16 
Cassiterite 405 
Cast iron (pig iron) 755 
Castner Kellner process (NaOH) 318 
Castner process (NaCN) 453 
Catalase and peroxidase 775, 778 
Catalytic convertors (cars) 803 
Catalytic properties of transition 
metals 671-72 
Cavendish 635 
Cellophane 428-29 
Cement 373 
Cementite 418 
Ceramics 444 
Cerium, see Lanthanides 
Chain reactions 919 
Chalcoite 817 
Chalcopyrites 817 

Charge transfer spectra 460, 702 705 
707. 719. 724. 738, 750,’766,’ 

767,771.773,822,833,840, 

844, 845 
Chelates 222-24 

Chile saltpetre 295-96. 539. 590 
Chlor-alkali industry 243, 315-24 
Chlorine 

bonding 33, 594 
colour of X 2 583 
covalent radius 591 
dioxide 583, 610 
electron affinity 154. 591 
electronegativity 160 , 592 
electronic structure 582 
extraction and uses 587-89 
hydration energy 591 
interhalogcn compounds 6 ^ 1-^7 
•omc radius 59 1 
ionization energy 149. 592 
manufacture and uses of 315-21 
melting point 593 

occurrence and abundance 583-84 
oxides 609-11 

oxidizing power of X> 594-96 
oxoacids 614-21 
perchlorate 610-11 
polvhalides 628 —29 
reaction with water 596-97 
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reactivity 597-98 

standard reduction potentials 592, 
613-14 

trifluoride 586,624-26 
sec also Group 12 
Chlorophyll 351-52 
Chromates 718, 728-31 
Chromite 713-14 
Chromium group 713-33 
abundance, extraction and uses 
713-15 

biological importance Cr and Mo 732 
carbonyls 727 
chromates 718, 728-31 
chromite 713-14 

chromium(II) acetate 713, 725-26 
chromium(III) oxide/chromic acid 
719-20 

cluster compounds 713, 726-27 
(+V) compounds 721 
(+IV) compounds 722 
(+III) compounds 722-25 
(+11) compounds 725-27 
(+1) compounds 727 

(0), (-1) and (-11) compounds 727-28 
cutting steel 715 

cyclopentadienyl compounds 727-28 
dibenzene chromium 727-28 
dichromate 713, 718 
electronic structures 713 
fcrrochrome 714 
Fischer, E.O. 727-28 
general properties 716-18 
halides 716, 721 
M-M bonds 726. 727 
molybdates 713. 728-31 
molybdenite 714 
molvbdenoferredoxin 732 
molybdenum disulphide 715 
nitrogen fixation 713. 732 
oxidation states 715-16 
oxides 716. 719-20 
oxohalidcs 712 
peroxo compounds 719 
physical properties 716 
polvacids 713. 728-31 
quadruple bond 713. 725-26 
qualitative analysis 717 
reactivity 716 
spectra Cr( + |[|)( f / , ) 724 
Nchcclitc 715 

'land.ird reduction potentuds Ih7. 717 


tungstates 713, 728-31 
tungsten bronzes 731-32 
tungsten carbide 417, 715 
Wilkinson, G. 727-28 
wolframite 715 
Chrysotile 440 
Cinnabar 836 

Cis-isomers 197-98, 234-35 
Cisplatin (anti cancer drug) 811 
Clathrate compounds 638-39, 807 
Clay minerals 442 

Close packing of spheres 36-9, 46-7 
Clostridium botulinium 504 
Clostridium pastorianum 474 
Cluster compounds 461,674, 697, 

705-07, 713, 726-27, 743-45 
Coal gas 419 

Cobalt group 753, 783-99 
basic acetate 797 
biological importance of cobalt 
796-97 

carbonyls 787-88 
cyclopentadienyl compounds 793 
(-1) and (0) compounds 787 
( + 1) compounds 788 
( + 11) compounds 790-94 
(+ III ) compounds 794-98 
( + IV) compounds 798 
( +V) and ( +VI) compounds 799 
electronic structures 783 
general properties 785 
halides 786 
Hodgkin. D C. 796 
nitrogen complex'788 
OXO process 789-90 
oxides 786 

occurrence, extraction and uses 
783-85 

oxidation states 785 
oxidative addition reaction 788 
physical properties 786 
some reactions 786 
spectra 

of |Co(CI 4 » 2 - 965 
of [Co(H 2 0) h | 2 * 964 
spcisscs 783 

Vaska s compound 788-89 
vitamin R,, 784. 793, 796 
Wilkinson s catalvst 788-89 
Cobaltite 783 

Cohesive force in metals 122-26 285 
Colour 662-63 
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Columbitc 698 
Complexes 
bonding in 202-10 
by transition elements 657-59, 675 
chelate 222-24 

class-a and class-b acceptors 659 
conductivity of 198-99 
crown ethers and crypts 306-08, 353 
cryoscopic measurements 199-200 
dipole moments of 200 
distorted octahedral 214-17 
effective atomic numbers of 200-01 
electronic spectra 200. 207 
isomerism 197-98, 232-36 
Jahn-Teller distortion 214-19 
magnetic moment of 225-26 
nomenclature 230-32 
number of isomers 197-98 
7i acceptors 229 
x donors 229-30 
octahedral 205-14 
polynuclear 230-31,235 
shapes of d orbitals 201 
spectrochemical series 208 
square-planar 217-19 
see also Nickel group 
tetrahedral 219-22 
Werner’s work 195-98 
with alkencs 808-10 
Computer chips manufacture 68 
Conductivity 

measurements of complexes 198-99 
of ionic covalent compounds and 
metals 4Q 
of metals 121-22 
Conductors insulators and semi¬ 
conductors 131-33 
Conductors, one dimensional 810-11 
812 

Contact process (for S0 2 ) 552, 553, 
698, 803 

Controlled fusion reactions 927-28 
Coordinate bond 34-5 
Coordination 
compounds 194-239 
isomerism 233 
number 196 
position isomerism 234 
Copper group 816-34 
abundance, extraction and uses 
816-19 


alloys 

brass 139. 818, 838 
nickel silver 818 

anhydrous coppcr(ll) acetate 829-30 
anhydrous coppcr(ll) nitrate 829, 830 
biological importance of copper 816, 
832-33 

blister copper 817 

Bordeaux mixture 818 

carats (gold) 819 

catalytic properties 822 

colour 822, 827 

complexes with alkcnes 824 

( + 1) compounds 822-26 

( + 11) compounds 827-31 

( + III) compounds 831-32 

copper(Il) chloride as a catalyst 317 

conductivity 816. 820 

cyanide process (gold) 819, 824 

disproportionation 820, 822-23 

electronic structures 816 

general properties 820-22 

halides 589-90. 820 

oxidation states 819 

oxides 820 

panning (gold) 819 

Paris green 818 

Parke’s process (silver) 818 

photography 562, 589-90, 826-27 

physical properties 821 

reactivity 816, 821 

standard reduction potentials 167, 

820 

tetragonal (Jahn-Teller) distortion 
827-28 
turquoise 817 
Correlation diagram 118 
Corundum 381 
Coupling 

of orbital angular momenta 940-42 
of spin momenta 942^43 
of spins and angular momenta 943-46 
Covalent bond 30-1,33-4, 72-119 
Covalent radii, table of 147 
Cracking of hydrocarbons 242 
/J-Cristobalite 49. 430 
Critical mass 920 
Crown ethers 306-08, 353 
Cryolite 362 

Cryoscopic measurements 199-200 
Cryptands 306-08. 353 
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Crystal held theory 202, 204-10 
assumptions made 204-05 
magnitude of A 0 207-09 
octahedral complexes 204-11 
spectrochemical series 208 
splitting by various ligands 20& 
splitting on descending a group 209 
splitting related to charge 208-09 
square-planar complexes 217-19 
stabilization of lattice energy 213 
tetrahedral complexes 219-22 
Crystal structures of metals 36-9,125-26 
Cubic close packing 36-9 
Cuprite 817 

Cupronickel (coins) 802 
Curie law (magnetism) 670-71 
Curium, see Actinides 
Crooke’s lenses 680, 863 
Coinage metals, see Copper group 
Cyanamide 346-47, 492 
Cyanates 454 
Cyanides 453-54 
Cyanide process (gold) 819, 824 
Cyanogen 454 
Cyanuric triazide 488 
Cyclohexanol 506, 698 
Cyclohexanone 485-86, 506, 698 
Cyclopentadienyl compounds 695-96, 
711, 727-28, 779 - 81 , 793 
Cyclotron 883, 917 
Cytochrome 754, 777 

Daniell cell 

Dative bonding, see Bond, pn-dn 
d block 651-56 
abundance 673-74, 676 
boiling points 661, Appendix C 
catalytic properties 671-72 
CFSE of dihalides 213 
chromium group 713-33 
class-a and class-b acceptors 659 
cobalt group 753, 783-99 
colour 662-63 
complexes 657-59, 675 
copper group 816-34 
covalent radii 147, 659-60, 675 
and the lanthanide contraction 660 
density 661, Appendix D 
differences between 1st row and 
other two rows 674-76 
electronegativity values 160 


Gouy magnetic balance 664-65 
magnetic moments of some 1st row 
complexes 669 
measurement of magnetic 
properties 666 

horizontal comparisons in the Fe, Co, 
Ni groups 814-15 

introduction to transition elements 
653-77 

ionic radii, effect of lanthanide 
contraction 660 

ionization energies 151, 661-62 
iron group 753-82 
lattice energy and CFSE 213 
magnetic properties 663-71,675-76 
Curie law 670-71 
of octahedral complexes 211 
of tetrahedral complexes 222 
manganese group 734-52 
measurement of magnetic properties 
666 

melting points 661, Appendix B 
metallic 
character 654 
radii 137 

metalloenzymes and metalloproteins 
673 

metal-metal bonding and cluster 

compounds 674, 697, 705-07, 
713,726-27 
names 653 

nickel group 753, 800-15 
noble character 661 
nonstoichiometry 672 
reactivity of the metals 661 
scandium group 679-83 
stability of various oxidation states 
656-57, 674 

standard reduction potentials 167, 
172-73,681,688,706,717, 

737, 820, 842 
titanium group 684-96 
vanadium group 697-712 
variable oxidation states 654-56 
zinc group 835-56 
Deacon process 317, 587-88, 863 
Defects 58-63 
F-centres 61-2 
Frenkel 59-61 
extrinsic conduction 64 
intrinsic semiconduction 60, 64 
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Defects (con/.) 
metal-deficient 63 
metal excess 61-2 
n-type scmiconduclion 62 
nonstoichiometnc 61-3 
number of defects 59-60 
p-type semiconduction 63, 65 
Scholtky 59-60 
stoichiometric 59-61 
Degussa process (HCN) 453 
Delta bond 96, 830 
Denitrifying bacteria 473-74 
Density 

of elements Appendix D 
of nucleus 905-06 
Depression of freezing point 199 
Detergents 315, 555-56, 599 
Deuterium 245-48 
preparation of compounds 747 
Devardas alloy 507 

Diagonal relations 189-90, 311,353-54. 
389 

Diamond 404. 4074)8 

1 . 2 - dibromoethane (ethylene 

dibromidc) 589 

1 . 2 - dichloroethane (ethylene 

dichloride) 6 (H) 

Diaphragm cell 318-19 
Dibenzenc chromium 727-28 
Didymium catalyst 317. 863 
Differences between 1 st rowTE and 
other two rows 674-76 
Differerntiating solvents 264 
Dimethyl glyoxime complex (Ni) 807 
Dinitrogen tetroxide 265-66. 5014)2 
Dinitrogcn pentoxide 503 
Dipyridyl complexes 655 
Direct process (Rochow) 447 
Disproportionation 174-77 
Dithionous acid 556. 559 
d orbiuls 

extent of d orbital participation 85-7 
shape 201 

Double bonds 35-6 
Double salts 194-95. 764. 770 
Dow natural brine process (Mg) 329 
Dow sea water process (Mg) 329 
Downs cell 277-78 

Drude free electron theory of metals I *»K 
Dry ice 423 

Dysprosium. \<r Lanthanides 


EDTA 352-53 

Effective atomic number rule 200-01 
Einsteinium, see Actinides 
Electrochemical scries 165-67 
Electrode potentials 165-78 
Electron 
affinity 153-54 
deficiency 385, 395 
diffraction 11 
dual nature of 10—1 
mass 1 

pair repulsion theory of molecular 
shapes 74-80 
particles or waves 10-1 
reduced mass 8 
wave nature of 11 
Electronegative elements 30-3 
Electronegativity 157-63 
Allred and Rochow 162-63 
Mullikcn 161-62 
Pauling 157-60 
table of values 160 

Electronic structure, different ways of 
showing 23-4 
Electropositive 
character 163-64 
elements 30-2 
Ellingham diagrams 185-86 
Engel's sulphur 542 
Emission spectra 287 
Energy levels 

for hcteronuclear diatomic molecules 
109-11 

for homonuclear diatomic molecules 
98-108 
for CO 1 10-12 
for NO 109-10 
sequence of 98 

Environmental problems with 
acid rain 245. 538-39 
asbestos 439 

catalytic convertors (cars) 803 
detergents 555-56 
fluoride ions in drinking water 587 
mercury and cadium 838-39. 852-53 
nitrogenous fertilizers 493-94 
ozone layer 494. 543.44 599 
phosphates 515. 521 
photochemical smog 544 
vv ater. EEC limits tor contaminants 
566 
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EPNS 802 

Ethanal (acetaldehyde), manufacture of 
803.810,851 

Ethanolamine 242. 423, 493 
Erbium, see Lanthanides 
Essential elements 308-09 
Ethanolamine 242, 423, 493 
Ethenc 35-6 
Ethylene, see Ethenc 
Ethyne 35-6, 346 
Europium, see Lanthanides 
Explosives 506 

Extent of d orbital participation 85-7 
Extraction and isolation of elements 
178-88- 

general methods 

displacement method 180—81 
electrolytic reduction 182-83 
high temperature reduction 181-82 
mechanical separation 178-79 
thermal decomposition 179-80 
thermodynamics of extraction 
processes 183-87 
Extraction methods 

and position in periodic table 188 
and reduction potentials 184 

Face-centred cubic, see Close packing 

Facial isomers 197. 797 

Fajan’s rules 156-57. 364 

Fat man (bomb) 922-23 

/block 857-902 

F-centres 61-2 

Feldspars 443 

Femtometrcs 905 

Fermentation 423 

Fermium. see Actinides 

Ferrcdoxin 732. 754. 778-79 

Ferrctin 778 

Ferrite (Lowig) process for NaOH 770 
Ferrocene 779-81 
Fcrrochrome 714 
Ferrocyamde ion 766-77 
Ferroin 767 
Ferromanganese 735 
Fcrronickel KOI 
Ferrosilicon 404 
Ferrous metals 753 
Ferrovanadium 697 
Fertilizer 470. 489.493-94 
problems with 493-94 


Fission 890, 891-93 
Flame colouration 
Group 1 286-87 
sodium 2. 61 
Fluoborate ion 380 
Fluoride ions in drinking water 587 
Fluorine 

atomic structure 2 
colour of X 2 583 
covalent radius 591 
electron affinity 154, 591 
electronegativity 160, 592 
electronic structure 582 
extraction and uses 584-87 
hydration energy 591 
intcrhalogen compounds 621-27 
ionic radius 591 
ionization energy 149, 592 
melting point 593 
molecular structure 107 
occurrence and abundance 583-84 
oxides 60S 

oxidizing power of X 2 594-96 
reaction with water 596-97 
reactivity 597-98 

standard reduction potentials 592, 
613-14 

weakness of F-F bond 594 
Fluorite 48, 345 
Fluoroapatite 470, 494 
Forsterite 434 
Francium, see Group 1 
Frankland 850 
Frasch process (sulphur) 536 
Free energy (Ellingham) diagrams 
185-86 

Frenkel defects 59-61 
Frcons 45S. 586—87, 599 
Friedel-Cralts reaction 386 
Fullers earth 442 
Fusion reactions 247. 254 

Gadolinium, see Lanthanides 
Galena 406-07 
Gallium, sec Group 13 
Galvanizing iron 7 62 
Gamma radiation 911 
Garnets 435, 680 
Gemstones 431 

General properties ol metals 121-27 
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Genesis of the elements 928-32 
r-proccss 931 
s-process 931 
x-process 931 
red giants 929 
spallation reactions 931 
supernova 932 
white dwarfs 930 
Geometric isomerism 234 
Gcrmanes 453 
Germanium 
as a semiconductor 63-5 
boiling point 411 
covalent radius 411 
electronegativity values 160, 411 
electronic structure 402 
extraction and uses 405 
halides 460-61 
hydrides 453 
ionization energy 411 
melting point 411 
occurrence and abundance 403 
oxides 431-32 
reactivity 412-13 
ultrapure 65, 405 
see also Group 14 
Glass 316, 322, 362,445-56 
Glycol splitting agent 620 
Gold, see Copper group 
Gouy magnetic balance 664-65 
Graham’s salt 516-17 
Graphite 404,408-09 
compounds 414-16 
Greenhouse effect 245. 427-28, 458 
Grignard compounds 328, 347-49, 446 
Group 1 275-314 
alkyls 305 

atomic structure of Li 1,2 
baking powder 294 
bicarbonates 294-95 
boiling points 286 
biological importance 279, 308 
bond type 281-82 
Born-Haber cycle 282-83 
carbides 303 
carbonates 279, 315-22 
cohesive energy 285 
colour of compounds 287-88 
complexes 305-08 
covalent radii 147 
crowns and crypts 306-08 


density 28f>-81 
diagonal relationship 310—11 
differences Li and rest 309 
electronegativity 160, 281-82 
electronic structure 275 
extraction 277-78 
Downs cell 277-78 
flame colourations 286-87 
halides and polyhalides 296-97 
hardness of metals 285 
hydrides 297-98 
hydroxides 279.290-91,294 
ionization energy 149, 151,281 
melting points 286 
metallic radii 137 
metallic structures 125, 285 
occurrence and abundance 275-77 
organic and organometallic 
compounds 303-05 

oxides 
normal 290 
peroxide 291-93 
superoxide 105-07.291-93 
phosphates 512-17 
radius ratios of halides 52 
reactions of 288 
air 289-90 
nitrogen 289 
water 2813-89 

solubility in liquid ammonia 302-03 
solubility of salts 298-302 
sulphides 293-94 
uses 278-80 
Group 2 325-56 
atomic structure of Be 2 
anomalous“behaviour of Be 325, 
332-34, 353-54 
bicarbonates 337 
biological role 353 
boiling points 331 
carbonates 340 
carbides 51-2, 346-47 
complexes 349-53 
basic beryllium acetate 350-51 
basic beryllium nitrate 343 
beryllium oxalate 350-51 
chlorophyll 351-52 
EDTA 352-53 
tetrafluoroberyllate ion 350 
cyanamide 346-^7, 417, 492 
covalent radii 147 
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crown ethers and crypts 353 
Curie, Marie 327 
density 330 

electronegativity valXies 160, 331 

extraction 327-29 

Grignard compounds 328, 347-49 

halides 3 44 -45 

hardness of water 337-38 

hydration energy 331-32 

hydrides 342-44 

hydrolysis of salts 333 

hydroxides 336-37 

insoluble salts 347 

ionic radii 330 

ionization energy 149, 151,331 
lime 315-17,322-23. 340 
melting points 331 
metallic radii 137, 330 
metallic structures 125 
nitrates 342-43 
basic beryllium nitrate 343 
nitrides 345 

occurrence and abundance 326-27 
organometallic compounds 347-49 
oxides 338-41 

radius ratios of oxides, sulphides etc. 

52, 339 
reactions 

acids and bases 338 
water 335-36 

solubility of salts and lattice energy 

334-35 

solutions in liquid ammonia 335 
sulphates 341-42 
uses 328. 329 
Group 13 359-401 
alumina 381-82 
aluminates 291,382-83 
aluminium chloride 387-88 
aluminium sulphate 372 
alums 372 

amphoteric behaviour 382-83 
atomic structure of boron 2 
boiling points 360 
borates 374-79 
borax 360, 361,377 
borax-bead test 374 
borazine 393-94 
borides 380-81 
boron carbide 361, 381 
boron nitride 393-94 


boron sesquioxide 362, 374 

boron trifluoridc 73, 82, 84,385-87 

Brown, H.C. 393 

carboranes 397 

cement 373 

complexes 389 

corundum 381 

cryolite 362 

electronegativity value 36/ 
electronic structure 359 
ethyl 397-98 

extraction and uses 362-63 
Friedel-Crafts reaction 386 
Hall-Heroult process 362-63 
ionic radii 367 

ionization energy 149, 369-70 
lithium aluminium hydride 297, 
384-85 

melting point 366 
metallic radii 137, 367 
occurrence and abundance 360 
organometallic compounds 397-98 
oxide 381-82 

qualitative analysis 380, 382 
reactions of 370-72 
standard reduction potentials 167, 
368-69 
sulphate 372 
Group 14 402-67 
allotropy 407-09 
atomic structure of C 2 
bicarbonates 424, 425 
boiling points 411 
carbides 416-19 
carbonates 424,425-26 
carbon cycle 427-28 
carbon dating 410-11, 917 
carbon disulphide 428-30 
carbonyls 420-23. 711, ^27, 739-40, 
763-64,765. 768,787-88, 
805-06 

carbonyl halides 422, 423 
catenation 409-10 
cluster compounds 462 
complexes 455-56 
covalent radii 147, 411 
cyanides 453-55 

differences from Si and Group 14 
409-10 

electronic structures 402 
electronegativity values 160, 411 
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Group 14 (coni.) 

extraction and uses 403-07 
graphite compounds 414-16 
greenhouse effect 245,427-28, 458 
halides 457-6 
hydrides 451-53 
inert pair effect 413 
internal jt bonding using d orbitals 456 
ionization energy 149, 411 
melting points 411 
metallic and nonmctallic character 
412 

metallic radii 137 
metallic structures 125 
occurrence and abundance 403 
organic derivatives 446-51,463 
oxides 419-26,430-32 
reaction mechanisms 462-63 
reactivity 413 
silicates 432-46 
silicones 446-51 

standard reduction potentials 167,414 
Group 15 468-531 
allotropic forms 474-76 
ammonia 479-80, 492-94 
bonding 34 

cyanamide process 492 
detection 479 

liquid 263-64, 302-03, 335. 486-87 
production by Habcr-Bosch 
process 242. 243. 244, 491, 

492-94 

Solvay process 323 
structure 73. 77. 81 
atomic structure of N 2 
azides 117. 487-89. 4KX. 499 
boiling points 472 
bond lengths and prf-drt bonding 
546-47 

bond type 476-77 
covalent radii 147. 475 
denitrifying bacteria 473-74 
electronegativity values 160. 475 
electronic structures 468 
environmental problems with 
phosphates 515. 521 

fertilizer 470. 489. 493-94 
halides 494-98 
hydrazine 483-85 
hydrides 478-85 
donor properties of 482-83 
structures of 481-82 


hydroxylamine 485-86 
ionization energy 149, 475 
liquid ammonia as a solvent 486-87 
Marsh's test 481 
melting points 472 
metallic and nonmctallic properties 
477-78 

metallic radii 137 
metallic structures 125 
nitrifying bacteria 473-74 
nitrogen cycle 473-74 
nitrogen fixation 473-74,489,491-93 
713,732 

occurrence, extraction and uses 
468-72 

organometallic compounds 526-27 
oxides 498-503 
oxoacids of 
nitrogen 503-11 
phosphorus 511-21 
px-dn bonding 509-10 
phosphazenes (phosophonitrilic 
compounds) 498, 524-26 
phosphoric acid senes 511-19 
phosphorous acid series 519-21 
problems with nitrogenous fertilizers 
493-94 

reactivity of the elements 478 
standard reduction potentials 167,490 
structures of the elements 472,474-76 
sulphides 521-24 
uses of phosphates 520-21 
Group 16 532-634 
abundance 534 

allotropy and structures 540-43 
atomic structure of O 2 
boiling points 545 
chemistry of ozone 115-16, 540-41 
543-45 

compounds of sulphur and nitrogen 
576-77 

contact process (for S0 2 ) 552. 553 
698. 803 

covalent radii 147. 545 
differences between O and the other 
elements 547 

electronegativity values 160 . 545 
electronic structures 532 
extraction and uses 535-36 
I rasch process (sulphur) 536 
balides 572-75 
hydrides 565-69 
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hydrogen sulphide 536-37 
ionic radii 545 
ionization energy 149, 545 
melting points 545 
metallic radii 137 
organo derivatives 577-78 
oxides 537-39,547-54 


oxoacids 
of S556-63, 
of Sc and Tc 564 
oxohalides of Se 564-65 
pjt-dp bonding 546-47 
peroxides and polysulphides 570-72 
reactions between oxides 549-51 
ring compounds of S and N 575-77 
standard reduction potentials 167,546 
sulphide ores 537 
Group 17 582-634 
acid strength of HX 602-05 
atomic structure of F 2 
basic properties 629-31 
bond energy 

of halogen compounds 598 
of X 2 594 
bonding in HF 34 
colour of X 2 583 
covalent radii 147. 591 
electron affinity 154. 591 
electronegativity 160. 592 
electronic structures 582 


energy cycle for 
oxidation potential of X 2 595 
acid strengths of HX 603-04 
extraction and uses 584-90 
halides 605-07 

hydration energy 591 

hydrogen halides HX 599-605 
table of properties 601 
micrhalogen compounds 621-27 


radii 591 

ation energy 149. 592 
llic properties 629-31 
ng points 593 

r*»nce and abundance 583-84 


oxides 607-14 
oxidizing power 
oxoacids 614-21 


of X 2 594-96 


i 628-29 

amine and iodine 629-31 
i of anhydrous halides 


pseudohalpgens 632 


reactions of the halogens 598 
reaction with water 596-97 
reactivity of the elements 597-98 
standard reduction potentials 592, 
613-14 

strengths of oxoacids 621 
types of bond formed 592-93 
Group 18635-49 
abundance in the atmosphere 637 
atomic radii 637 

Bartlett (first true Xe compound) 639 
argon 

molecular ion 638 
boiling points 637 
Cavendish 635 
chemistry of xenon 639-43 
clathrate 'compounds’ 638-39 
electronic structures 30. 635 
helium 

atomic structure 1.2 
molecule 99 
molecular ion 99, 638 
ionization energy 149, 637 
melting points 637 
neon atomic structure 2 
occurrence and recovery 635-37 
radon, formation of 636 
special properties of helium 637-38 
structure and bonding in xenon 
compounds 643-48 
superconductivity 638 
uses 636-37 
xenon 

chemistry of 639-43 
difluoride 640, 641,642, 643-45 
fluoride complexes 642^*3 
hexafluoride 640. 641,642.643. 

645-46 

hexafluoroplatinate 639 
oxofluorides 640, 64! 
perxenate ion 640. 64. 
tetrafluoridc 640, 641,645 
trioxide 640. 641 
xenate ion 641 
Gun metal 406 
Gunpowder 539 


i_Q.tcrK nrmvss 242.243.244,491 


492-94 


Hadfield steel 735 
Haemerythrin 779 
Haemoglobin 775-77 
Hafnium. Titanium group 
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Hahn. 0.920 
Half-life period 91 

Halic acid. 617-18 (la bles> 

Halidn of transition elemen 
656-58 

Hall-H^roult process >62-0 

Halogen 

acids 599-405 
oxides 607-14 
oxoacids 614-21 
Halogens, see Group 17 

Halo us acids 617 7 * 7 - 6 # 

Hard and soft acids and bases 267-6* 

Hardness 

of minerals 5R . 

\rr alw Appondta N. Moh» 

of walcr 337-38 
Harkins* rule 673.861.899, 

Hastclloy C alloy 802 

Heavier elements. Actinides ^ 

Heisenberg uncertainly principle - 

Helium, see Group 18 

Helcropolyacids 710. 730 
Hexacyanoferraie(ll) (icrrocyamdc) 

766 

Hexagonal close packing 36-9 

High alumina cement 373 

High temperature reduction methods 

181-82 

Holmium. tee Lanthanides 
Horizontal comparisons in the Fe. Lo. 
Ni groups 814-15 

Horizontal relationships in the periodic 
table 189-90 
Hot dipping 762,83S 
Hume-Rothciy’s rules l3>-40 
Humphries series 2. 8-9 
Hund s rule 21-5. 98-9. 939 

for determining ground state 946 
Hvbrid orbitals 
s/) 83—5 
s,r 82-5 
%// 81-2. S5 
\ f )\l 85-6 
5 />'(!' 586 

Hybridization 81-7 
Hydrate isomerism 233 
Hydrazine 483-85 

Raschig process 4K4-K5 
Hvdndes 248-54 
covalent 250-52 


melting points of 251 

intermediate 251 

interstitial (metallic) 245 . 252-54 
ionic 249-50 
tabic of 249 
Hydrides of 

Group 1 297-98 

Group 2 342 -44 

Group 13 252 
Group 14 451-53 
Group 15 478-85 
Group 16 565-69 
Group 17 599-61)5 
Hydrobora non 392-93 
Hydrogen 240-71 
abundance 241 

abundance of gas in dry air 470 
angular part of wave function 17-9 
atomic spectra 5 
atomic structure 1.2 
azide 487-89 
Balmcr series 2. 8-9 

bonding 255-57, 533. 602 
Brackett series 2. 3. 8-9 
-chlorine flame 6fX) 
economy 245 
electronic structure 240 
Humphries series 2. 8-9 
ion 240.254-55 
isotopes 245—48. 27V 
Lyman series 2. K-9 
manufacture 241-43 
molecule 99-100 
molecule ion 99 
ortho and para 248 
Paschen series 2. 3. 8-9 
peroxide 291-93. 532. 5/0-72 
Pfund series 2. 3. 8-9 
position in the periodic table -7. 

240-41 

properties 243—45 
radial part ol wave function 17 
solutions in metals 245 
unn^ue properties 27 
Hsdrogen bromide 601 
acidic strength 602-05 
ionic character 161 
preparation 601 
Hydrogen chloride 583. 600-61 
acidic strength 602-05 
ionic character 161 


Scanned by CamScanner 



molecular structure 112 
preparation 600-02 
Hydrogen cyanide 453 
Hydrogen fluoride 583, 599 
acidic strength 602-05 
as a non-aqueous solvent 605 
ionic character 161 
preparation 599 
structure 73 
Hydrogen iodide 601 
acidic strength 602-05 
ionic character 161 
preparation 601 

Hydrogen peroxide 291-93, 532, 570-72 

Hydrogen selenide 565 

Hydrogen sulphide 536-37, 565-66, 

568 

Hydroxylamine 485-86 
Hypohalous acids 615-16 
Hypophosphoric acid 518-19 
Hypophosphorous acid 520 

llmenite 684, 689 
I MI process for Ti 686 
Indium, see Group 13 
Induced nuclear reactions 917-18 
Inert pair effect 365 
Inner transition elements 24, 857-902 
Insulators 131-33 
Integrated circuits 68 
Interhalogen compounds 621-27 
Intrinsic semiconduction 60. 64 
Introduction to the transition elements 
653-77 

Iodine 

basic properties 629-31 
colour of X 2 583 
covalent radius 591 
electron affinity 154, 591 
electronegativity 160, 592 
electronic structure 582 
extraction and uses 589 
halides 605-07 
heptafluoride 627 
hydration energy 591 
interhalogen compounds 621-27 
ionic radius 591 
ionization energy 149. 592 
melting point 593 
monochloride 623. 630-31 
monocyanide 630 


number 623 

occurrence and abundance 583-84 
oxides 612-13 

oxidizing power of 594-96 
oxoacids 614-21 
pentafluoride 627 
polyhalides 628-29 
positive iodine 629-31 
reaction with water 596-97 
reactivity 597-98 

standard reduction potentials 592,. 
613-14 

trichloride 624-26,631 
triiodide ion 628 
Wij’s reagent 623 
see also Group 17 
Ion bombardment 883, 898, 917 
Ionic 

bond 30-3,43-71 
radii 146, 148-49 
Ionic structures 
based on close packing 46 
cadmium chloride 51 
cadmium iodide 49-50 
calcium carbide 51-2 
caesium chloride 48 
calcium fluoride 48 
close packing 46-7 
lattice energy 54-8 
layer structures 49-51 
limiting radius ratios 44—6 
nickel arsenide 51 
perovskite 691.749 
rhenium tnoxidc 748-49 
rutile 48-9 
silica 49 

sodium chloride 47-8 
wurtzitc 47 
zinc blende 47 
Ionization energy 149-53 
table of 151 

Ionization isomerism 232-33 
Iridium, see Cobalt group 
Iron group 753-82 
abundance, extraction and uses 
755-60 

alums 194,372.723.770 
bioinorganic chemistry of iron 775-79 
catalase and peroxidase 778 
cytochrome 754. 777 
ferredoxin 778-79 
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Iron group (com.) 
fcrretin 778 
haemerythrin 779 
haemoglobin 775-77 
myoglobin 777 
blast furnace 755-57 
brown ring test 500,765 
carbonyls 763-64,765,768 
classification 

as ferrous and platinum metals 753 
as iron, cobtalt and nickel triads 
753 

comparison of various steels 759 
complexes 766-69,772-73 
(-11) and (0) compounds 763-65 
(+ 11) compounds 764-69 
( + 111) compounds 769-73 
(+IV) compounds 773 
( +V) compounds 773 
( +VI) compounds 774 
(+VUI) compounds 774-75 
cyclopentadienyl compounds 695-%, 
711,727-28,779-81 
double salts 764, 770 
electronic structures 754 
ferroin 767 
ferrecene 779-781 
galvanizing 762 
general properties 761-63 
hexacyanoferrate(Il) (ferrocyanide) 
766 

hot dipping 762 

nitrogen fixation bu Ru complexes 
768-69 


Siemens open hearth furnace 758 
Turnbull’s blue 766 
Isomerism 232-36 
coordination 233 
coordination position 234 
facial 197 , 797 
geometric 198,234 
hydrate 233 
ionization 232-33 
linkage 233 
meridianal 197 , 797 
number of isomers 198 
optical 234-35 
polymerization 232 
Isomorphous replacement 443 
Isopoly acids 
borates 379-80 
chromates 713,728-31 
molybdates 713, 728-31 
phosphates 511-21 
silicates 432-46 
tungstates 7 it). 728-31 
vanadates 709-10 
Isoprene 398 

Isotope dilution analysis 933 
Isotope exchange reactions 933-34 

Jahn-Teller 214-19 

square-planar complexes 217-19 
tetragonal distortion 214-17 
theorem 216 

Kaldo process (steel) 535, 759 
Kaolin 440-41 


oxidation stales 760-61 
oxides 765, 770, 774 
1, 10-phenanthroline (o-phen* 
anthrolinc) 767 
physical properties 763 
pi*bonded complexes 766-69,779-80 
production and uses of steel 760 
Prussian blue 766 
rusting 762 

standard reduction potentials 172-73 
steel making 535-36,757-60 
basic oxygen process 759 
Bessemer-Thomas converter 
757-58 

Kaldo and LD processes 759 
puddling 757 

Siemens electric arc furnace 758-59 


K-electron capture 910-11 
Kiesclguhr 431 
Kroll process 686 
Krypton, see Group 18 
Kurrol s salt 516-17 

Lanthanide contraction 874-75 
Lanthanides 24, 859-78 
abundance and number of isotopes 
861-62 

bastnacsite 863 
Crooke s lenses 680, 863 
colour and spectra 870-72 
complexes 875-77 
( + 11) compounds 869-70 
( + 111) compounds 866-68 
(+1V) compounds 868-69 


INDEX 


d 


contraction in size 874-75 
coordination numbers 877 
Deacon process 317, 587-88, 863 
didymium catalyst 317. 863 
electronic structure 859-60 
extraction and uses 862-63 
Harkins' rule 861 
ionization energies 861 
ionic radii 861 
lighter flints 680, 863 
magnetic properties 872-74 
mischmetal 680, 863 
monazite sand 679,862-3,883,887-88 
oxidation states 860 
position in periodic table 859 
properties of ( + 111) states 866-68 
separation methods 864-66 
stable nuclei related to number of 
neutrons 863, 907 
solubility 870 

standard reduction potentials 861 
warm superconductors 143-44, 863 
Lanthanum, see Scandium group 
Laporte selection rule 771,951-52 
Lattice energy 54-8 
and CFSE 212-13 
and hardness 58 
equation 54-6 
Lawrencium, see Actinides 
Layer structures 49-51 
LCAO method 90 
rules for combination of orbitals 
97-8 

LD process (steel) 535, 759 
Lead 
azide 488 
boiling point 411 
Chamber process 559-60 
chromate 407 
covalent radius 411 
electronic structure 402 
electronegativity values 160, 411 
extraction and uses 406-07 
galena 406-07 
halides 460-61 
hydnde 453 
ionization energy 411 
melting point 411 
nitrate 501 

occurrence and abundance 403 
oxides 432 


red lead 407.432 
reactivity 412-13 
scavenger 589 

standard reduction potentials 4). 
storage battenes 407 
sulphide 406-07 
tetra acetate 456 
tetraethyl 464 
toxicity 464 
white lead 407 
see also Group 14 
Leblanc process 315-17 
Leclanchl cell 838 
Levelling solvents 264 
Lewis 

octet theory 72-4 
theory of acids and bases 265 
Ligands, field strength 208 
Lighter flints 680, 863 
Lime 315-17, 322-23, 340 
caustic soda process 315, 322 
water 337,424 
Linnaeite 783 

Linear accelerator 883, 898, 917 

Linkage isomerism 233 

Liquid ammonia 263-64, 302-03. 335. 

486-87 

Liquid dinitrogen tetroxide 265-66, 502 

Litharge 432 

Lithium 

alkyls and aryls 305 
aluminium hydride 297, 384-85 
atomic structure 1,2 
carbonate 278,295,309-10 
diagonal relations 310-11 
differences from the rest of the group 
309 

electronic structure 275 
flame colouration 286-87 
halides 310 

hydroxide 290, 309-10 
metallic structure 125 
molecule 100-01 
n-butyl 305 

nitrate 295-96, 309-10 
nitride 289, 310 
oxide 290 
stearate 278, 304 
see also Group 1 
Little boy (bomb) 922-23 
Liquid drop model of nucleus 905-06 
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Lowig (ferrite) process for NaOH 770 
Lustre of metals 122 
Lutetium, see Lanthanides 
Lux-Flood theory of acids and bases 267 
Lyman series 2,8-9 

Maddrell's salt 516-17 
Madelung constants 55-7 
Magic numbers 907 
Magnesium 
biological role 353 
chlorophyll 351-52 
electronic structure 325 
extraction 327-29 
Dow natural brine process 329 
Dow sea water process 329 
Pidgeon process 328-29 
Orignard compounds 328, 347-49 
occurrence and abundance 326 
uses 328 
see also Group 2 

Magnetic moment 225-26,872-73 
Curie law (magnetism) 670-71 
measurement of magnetic properties 
666 

of octahedral complexes 211 
of some 1st row complexes 669 
of tetrahedral complexes 222 
Magnetic properties 663-71,675-76 
Magnetic quantum number 10, 13-5, 

22 

Magnus’ green 810 
Malachite 817 
Malonic acid 425 

Malleability and cohesive force 122-26 
Manhattan project 890, 920 
Manganese group 734-52 
abundance, extraction and uses 
734-36 

ammonium pertcchnale 735 
basic acetate 734, 743 
biological importance 734, 751 
carbonyls 739-40 
cluster compounds 743-15 
colour 738, 74(M2 
complexes 742-45 

(-1), (0) and (+1) compounds 739—40 
( + 11) compounds 740-42 
( + III) compounds 742-45 
( + IV) compounds 745—47 
( + V) compounds 748 
( + VI) compounds 7J8 


(+ VII) compounds 748-51 
electronic structures 734 
ferromanganese 735 
general properties 737-39 
manganese dioxide 745—47 
manganin 735 
oxidation states 736-37 
perrhenates 736, 750 
photosynthesis 743 
physical properties 739 
potassium permanganate 279. 734, 
748-50 

preparation of Tc 735 
pyru'.sitc 734 
Re 3 CI 9 units 743-45 
rhenium tnoxide 748—49 
spectra of [Mn(H 2 0) 6 ) 2+ 966 
standard reduction potentials 167, 
737 

Manganin 735 

Manufacture of computer chips 68 
Marsh’s test (As and Sb) 481 
Mass number 905 
Mattauch's rule 861 
Melamine 347, 492 
Melting points of 
ionic and covalent compounds 39 
the elements Appendix B 
Mendelevium, see Actinides 
Mercury, see Zinc group 
Meridianal isomers 197, 797 
.t- Mesons 905, 908 
Metallic 

bonds 36-9, 121-45 
see also Bond, metallic 
character 163-64. 654 
radii 137 

Metalloenzymcs and metalloproteins 
673 

Metals 

alloys 132—40 
bond lengths 127 
clusters, see Cluster compounds 
cohesive force 122-26. 285 
conductivity 121-22 
coordination number 126 
crystal structures 36-9, 125-76 
general properties 121-27 
Hume-Rothery rules 135-40 
lustre 122 
51 \1 bonds 
5er Bond M M 
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malleability and cohesive force 
122-26 
radii 137 

solutions in liquid NH S 263-64, 
302-03, 335 

superconducting alloys 141,687,698 
927 

theories of bonding 127-31 
free electron theory 128 
valence bond theory 128 
MO or band theory 128-31 
Metaphosphorous acid 520 
Methane 81 
Methanol 243 
Micas 440, 441-42 
Millcritc 800 
Mischmetal 680. 863 
Modes of decay 
a decay 913-15 
p decay 909-10 
y emission 911 
K-electron capture 910-11 
neutron emission 910 
positron emission 910* 
proton emission 9tl 
spontaneous fission 914 
Mohs' scale of hardness 58. 404, 408 
417,418, Appendix N 
Moissan (preparation fluorine) 585 
Molecular orbital theory 89-119 
Aufbau build-up principle 98-9 
bond order 105 
combinations of orbitals 
d-d 96 
p-d 96 
pp 94-6 
s-p 93-4 
s-s 90-3 
examples 
B 2 101-02 
Bc 2 100-01 
C 2 102-03 
CO 110-12 
F 2 107 
Hi 99 
H 2 99-100 
HCIH2 
He! 99 
He 2 99 
Li a 100-01 
N. 104-05 
NO 100 10 


O a 105-06 
O! 105-07 
0\- 107 

examples involving delocalized 
n bonding 
CO a 116-17 
CO?" 112-14 
N 3 117 
NO! 116 
NO! H4 
0 3 115-16 
S0 3 114-15 

in transition metal complexes 
(CoF.l 5 * 227-28 
(Co(NH,),] 3 * 227 
LCAO method 90 
non-bonding combinations 96-‘ 
of complexes 202-03,227-30 
of inert gas compounds 645-46 
of metals 128-31 
order of MO energy levels 98 
rules for LCAO 97-8 
summary of multicentre ^-bonded 
structures 117-18 
united atom method 118—19 
Molybdenite 714 

Molybdenum, see Chromium group 
Morutzite sand 679, 862—63, 883, 887-88 
Mond (nickel) process 420, 801 
Monel metal 599, 802 
Monoclinic sulphur 542 
Mulliken electronegativity 161-62 
Multiplicity 944-46 
Mustard gas 574 
Myoglobin 777 

Nafton 319 
Natta catalysts 398 
Natrolite 443 
n-butyl lithium 305 
Neodymium, see Lanthanide* 

Neon, see Group 18 
Neptunium, see Actinides 
Nernst equation (electrode potentials) 
165 

Nessler’s reagent 479, 590, 845 
Neutrino 909, 911 
Neutron 1,905 
emission 910 
fast 892 

/proton ratio 908-09 
slow 891 
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Nicad batteries 838 
Niccolite 800 
Nickel glance 800 
Nickel group 753,800-15 
alloys 
alnico 802 

cupronickel (coins) 802 
EPNS802 
ferronickel 801 
Hastelloy, C. 802 
Monel metal 599, 802 
Nimonic 802 
stainless steel 802 
arsenide 51 
basic acetate 810 
benzene ammino nickel cyanide 
(clathrate) 807 
carbonyls 805-06 
catalytic convertors (cars) 803 
cisplatin (anti cancer drug) 811 
complexes with alkenes 808-10 
contact process (for S0 2 ) 552,553, 
698, 803 

dimethyl glyoxime complex 807 
electronic structures 800 
general properties 803-05 
halides 804 

horizontal comparisons in the Fe, Co, 
Ni groups 814-15 
Magnus' green 810 
Mond process 420,801 
occurrence, extraction and uses 
800-03 

one dimensional conductors 810-11, 
812 

oxidation states 803 
oxides 804 

physical properties 804 

(-1). (0) and ( + 1) states 805-06 

(-♦-II) state 806-11 

(-fill) state 811,813 

( + IV) state 813 

( +V) and ( + VI) states 814 

Raney nickel 802 

Wacker process (ethanal) 803, 810 
Nimonic alloys 802 
Niobium, see Vanadium group 
Nitrate ion 114 
Nitric acid 504-07 
Nitric oxide 109-10, 499-500 
Nitrifying bacteria 473-74 


Nitrite ion 116 
Nitrogen 

abundance of gases in dry air 470 
atomic structure 2 
azides 117, 487-89 
boiling point 472 

compounds of sulphur and nitrogen 
576-77 

covalent radius 475 
cycle 473-74 

denitrifying bacteria 473-74 
differences from rest of group 472 
electronegativity 475 
electronic structure 468 
fertilizer 470, 489, 493-94 
fixation 473-74,489,491-93, 696, 
713,732 
halides 494-96 
ionization energy 475 
nitrifying bacteria 473-74,491 
melting point 472 
molecular structure 104-05 
occurrence, extraction and uses 
468-70 

order of MO energy levels 104-05 
oxides 498-503 
oxoacids 503-07 

standard reduction potentials 167, 
490 

seeplso Group 15 
Nitrogenase 732,775 
Nitrogen cycle 473-74 
Nitrogen dioxide 501-02 
Nitrogen sesquioxide 501 
Nitronium ion 505-06, 561 
Nitrosyl complexes 500 
Nitrous acid 503-04 
Nitrous oxide 499 
Nobel Laureates 
Becquerel, H.A., Curie, P. and 

Curie, Marie (Physics 1903) 
540 

Bednorz, G. and Muller, A. 

(Physics 1987) 142 
Bohr, N. (Physics 1922)6 
Bosch, C. and Bergius, F. 

(Chemistry 1931) 492 
Brown, H.C. and Wittig, G. 

(Chemistry 1979) 393 
Curie, Marie (Chemistry 1911) 327 
Fermi. E. (Physics 1938)890,920,922 
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Fischer, E.O. and Wilkinson, G. 

(Chemistry 1973) 728, 781 
Grignard, V. (Chemistry 1912) 347 
Haber, F. (Chemistry 1918) 492 
Hahn, O. (Chemistry 1944) 920 
Hodgkin, Dorothy Crowfoot 
(Chemistry 1964) 796 
Joliot, F. and Joliot-Curie, Irene 
(Chemistry 1935)918 
Libby, W.F. (Chemistry 1960) 411 
Moissan, H. (Chemistry 1906) 585 
Ostwald, W. (Chemistry 1909) 505 
Pedersen, C.J., Lehn, J.M. and 
Cram,D. (Chemistry 198*7) 

306 

Pauling, L. (Chemistry 1954) 80 
Rutherford, E. (Chemistry 1908) 

918 

Thomson, J.J. (Physics 1906) 6 
Werner, A. (Chemistry 1913) 195 
Ziegler, K. and Natta, G. 

(Chemistry 1963) 694 
Nobelium, see Actinides 
Noble gases, see Group 18 
abundance of gases in dry air 470 
electronic structure of 30 
Nomenclature for the superheavy 
elements 898-99 

Nomenclature of complexes 230-3? 
Non-aqueous solvents 
HF 605 

NHj 263-64. 486-87 
N 2 0 4 265-66. 502 

Non-bonding combinations of orbitals 
96-7 

Nonstoichiometry in the d block 672. 

705, 708-09 
Normal oxides 547-48 
n-type semiconductors 62 
Nuclear 

binding energy 912-13r9_l4 
controlled fusion reactions'927-28 
distances 905 
fission 906. 918-20 
fuel 924 
fusion 925-28 
H-bomb 927 
moderators 923 
power stations 923-24 
reactors, types of 
fast breeder 924. 925 


gas cooled thermal 924 
water cooled thermal 925 
reprocessing 625, 896 
stability and NfP ratio 908-09 
thermonuclear weapons 927 
types of reactor 924-25 
Nucleus 905-37 

applications of radioisotopes 932-34 
atomic number 905 
atomic bomb 922 
Fat man (bomb) 922-23 
Little boy (bomb) 922-23 
production of 920-23 
carbon dating 410-11,917, 932-33 
controlled fusion reactions 927-28 
chain reactions 919 
critical mass 920 
density 905, 906 
femtometres 905 
Fermi, E. 890,920. 922 
fission 906, 918-20 
forces in 907-08 
fusion 925-28 

genesis of the elements 928-32 
r-process 931 
s-proce«$ 931 
x-process 931 
red giants 929 
spallation reactions 931 
supernova 932 
white dwarfs °30 
H-bomb 927 
Hahn,O. 920 
half-life period 911-12 
induced reactions 917-18 
Joliot, F and Joliot-Curie, Irene 918 
magic numbers 907 
mass number 905 
-T-mcsons 905, 908 
moderators 923 
modes of decay 909-11 
a decay 913-15 
p decay 909-10 
y emission 911 
K-clectron capture 910-11 
neutron emission 910 
positron emission 910 
proton emission 911 
natural decay in lighter elements 
916-17 

nuclear distances 905 
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Nucleus ( corn.) 
nucleons 905 

number of stable nuclei and number 
of neutrons 863,907 
oscillation 8 
radioactive 
decay series 915-17 
displacement laws 915 
radius 905 
Rutherford 10,918 
separation of isotopes 920-22 
electromagnetic separation 921 
gas centrifuge 921-22 
gaseous diffusion 921 
thermal diffusion 921 
stability and N/P ratio 908-09 
structure of nucleus 905 
liquid drop model 905-06 
shell structure 906-07 
units and definitions 934 
Number of stable nuclei and number of 
neutrons 863, 907 
Nylon-6 485-86 
Nylon-66 506, 698 

Occurrence of the elements Appendix A 
Octahedral complexes 205-17 
asymnu trical electronic arrangements 
215 

crystal field theory 202, 204-14 
crystal field splittings for hexa-aqua 
complexes 209 

crystal field splittings by various 
ligands 208 
distortion of 214-17 
MO theory 202-03, 227-30 
(CoF 6 ) 3 * 227-28 
MO theory (Co(NH 3 ) 6 ] 3+ 227 
symmetrical electronic arrangements 

valence bond theory 202 203-na 
Octahedral holes 46-7 ’ 

Octet rule 72-4 
exceptions to rule 73-4 
Oleum 559. 629 
Olivine 435 

Optical isomerism 234-35 
Orbitals - shapes of 
<*14. 18,20.201 
/ is 

P 14, 18.20 


j 14, 18, 20 
Orbits 

Bohr-Sommerfield 10 
circular 1,2 
elliptical 9-10 

Order of MO energy levels 98 
Orthophosphoric add 511-13 
Orgel combined energy diagrams 
d' and d* 957 
d 1 and d'%1 
d s 967 

Osazones 484 

Osmium, see Iron group 

Ostwald process (HNO,) 501, SOS. ? 85 

OXO process (addition of CO to 

alkenes) 789-90 
Oxidation 
number 164-65 
states 164-65 

Oxidation-reduction reactions 170-72 
Oxide ion 107 
Oxides 537-39, 547-54 
classification of 547-49 
normal, peroxide, suboxide 54748 
basic, amphoteric, acidic, neutral 
548-49 

general properties of 547-51 
of transition elements (tables) 
656-58 

reactions between 549-51 
Oxoadds strengths of 621 
Oxygen 
abundance 534 

abundance of gases in dry air 470 
allotropy and structures 54041 
atomic structure 2 
boiling point 545 
bond lengths and p.T-d.T bonding 
54647 
earners 775-76 
covalent radius 545 
differences from rest of group 547 
electronic structure 532 
electronegativity values 160, 545 
extraction and uses 535-36 
halides 572 
hydrides 566-69 
ionic radius 645 
ionization energy 149, 545 
melting point 545 
molecular structure 105-06 




r 

L——— 

organo derivatives 577-78 
peroxides 570-72 
preparation 535, 618 
singlet 552 

standard reduction potentials 546 
uses 532 

see also Group 16 
Ozone 115-16, 540-41,543-45 
layer 494. 543-44, 599 
ozonides 544—45 

Palladium, see Nickel group 
Panning (gold) 819 
Parathion 523-24 
Paris green 818 
Parkerizing 762 
Parke’s process (silver) 818 
Participation of d orbitals in bonding 
85-7 

Paschen series 2, 3, 8-9 
Pauli exclusion principle 21,939 
Pauling’s electronegativity 157-60 
table of values 160 
Pauling’s valence bond theory 80-9 
p block 357-649 
orbitals 14, 18, 20 
p-type semiconduction 63, 65 
Pentlandite 800 
Peroxoborates 361-62, 379 
Periodic acid 620 

Periodic table (Preface) xxxv, 25-7 
Permirtivity of vacuum 6-8 
Permutit 443 
Perovskite 749 

Peroxides 107,279.291-93, 361-62,532. 

547-48, 570-72, 691,719 
Peroxo sulphuric acids 563, 571 
Pfund series 2, 3, 8-9 
pH scale 261-62 
Phase diagrams 

copper/nickel solid solutions 135 
copper/zinc 139 
iron/carbon 134 
tin/lead 138 
Phenacite 434 

1.10-Phenanthroline (o-phen- 
anthroline) 767 
Phosgene 457 
Phosphates 51 1-21 
environmental problems 515. 521 
Graham's salt 516-17 


Maddrcll’s salt 516-17 
sodium pyrophosphate 514-15 
sodium tetrametaphosphate 517-18 
sodium trimetaphosphate 516-18 
sodium tripolyphosphate 515-16 
qualitative analysis 512 
triethyl 496,512.521 
tritollyl 496, 521 
uses 520-21 

Phosphazenes 498, 524-26 
Phosphine 481 

Phosphonitrilic compounds 498, 524-26 
Phosphorus 

allotropic forms 474-75 
boiling point 472 
covalent radius 475 
electronegativity 475 
electronic structure 468 
halides 494-98 
hydrides 481 
in fertilizers 470, 494 
ionization energy 475 
melting point 472 

-nitrogen compounds (phosphazenes) 
498. 524-26 

occurrence, extraction and uses 
470-71 

organometallic compounds 526-27 
oxides 508-11 
oxoacids 511-21 
oxochloride 496 
fKi-dn bonding 509-10 
pentachloride 85-6 
phosphoric acids 511-19 
phosphorous acids 519-21 
standard reduction potentials 167,490 
superphosphate 494 
sulphides 521-24 
test for phosphates 512 
see also Group 15 
Photocopiers 539 
Photochemical smog 544 
Photoelectric effect 11 
Photography 562, 589-90. 826-27 
Photosynthesis 424-25 
Photovoltaic cell 66 
Pi bonds 87-9 
Pig iron (cast iron) 755 
Pi mesons 905, 908 
Pidgeon process 328-29 
Pitchblende 883.891 
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Planck’s constant 7, 10, 11 
quantum theory 7 
Planetary theory of atom 1-2,10—1 
Platinum, see Nickel group 
Platinum metals 753 
Plumbane 453 
Plutonium, see Actinides 
Polar and cartesian coordinates 16 
Polarizability 156-57 
Polarizing power 156-57 
Polonium 
abundance 534 
discovery and production 540 
electronic structure 532 
standard reduction potentials 546 
see also Group 16 
Polyhalides 296-97 

Polymerization isomerism 232 

* 

Polyphosphates 513-17 
Polysulphides 293-94 
oligomer 397-98 

high density (stercoregular) 694-95 
low density 694-95 
Polyvinyl chloride 321 
Poly water 569 
Porphyrin 224. 577-78. 776 
Portland cement 373 
Positive bromine and iodine 629-31 
Positron emission 910 
Potassium 
alum 194 
bicarbonate 295 
bromide 589 
chloride 276. 279 
cobaltinitritc 3(KI 
complexes 305-08 
electronic structure 275 
flame colouration 286-87 
hydrogen carbonate 295 
hydroxide 290 
in fertilizers 279 
nitrate 295-96 
ozomde 544-45 
perbromale 620 
perchlorate 300. 619 
permanganate 279. 734 . 748-5(1 
perrhenale 735. 750 
photoelectric effect 11 
superoxide 279. 290-93 
telraphein I borate 3(H) 
see also Group 1 


Praseodymium, see Lanthanides 
Preparation of anhydrous halides 
606-07 

Principal quantum number 10 ,13 22 
Problems with 
acid rain 245, 538-39 
asbestos 439 
detergents 555-56 
fluoride ions in drinking water 587 
mercury and cadmium 838-39 
852-53 

nitrogenous fertilizers 493-94 
ozone layer 494, 543-44, 599 
phosphates 515, 521 
photochemical smog 544 
water purity, EEC limits for 
contaminants 566 
Producer gas 419-20 
Production of the atomic bomb 920-23 
Promethium, see Lanthanides 
Protactinium, see Actinides 
Proton 1.905 
Proton emissioT?911 
Prussian blue 766 
Pseudohalogens 632 
p-type semiconductors 63, 65 
PTFE 457 

Puddling (steel) 757 
Pyrcx glass 362, 445 
Pyrochloritc 698 
Pyrolusite 734 
Pyrosulphates 562 
Pyroxenes 437-38 

Quantum numbers 10. 13. 22 
and atomic orbitals 15 
magnetic 13-5 

I. m. m.9-10. 13-5. 22 
principal 9-10. 13 
spin 10 

subsidiary 9-10. 13-5 
and shape of periodic table 22 
spectroscopic coupling 

J 94.3 
L 940—12 
S 942-43 

Quantum theory 7 
Quartz 430 

Racah parameters 227. 961-63 
Radi.d distribution functions 17 


I 


INDEX 


Radial part of wave function 15-7 
Radii 

covalent 147 

ionic 146. 148-49 
metallic 137 

Radioactive decay series 915-17 
actinium 915. 916 
neptunium 915. 916 
thorium 915-16 
uranium 915. 91-6 

Radioactive displacement laws 915 
Radiography 934 

Radioisotopes, applications of 932-34 
activation analysis 933 
cancer treatment 934 
carbon dating 932-33 
isotope dilution analysis 933 
isotope exchange reactions 933-34 
radiography 934 
Radius ratios 

calculation of limiting values 44-6 
cautionary word 52—4 
rules 43—4 

table of limiting values 44 
Radon, see Group 18 
Raney nickel 802 
Rare earths 24. see Lanthanides 
Raschig process (hydrazine) 484-85 
Reaction mechanisms 461-63 
Reactors 

fast breeder 924. 925 
gas cooled thermal 924 
water cooled thermal 925 
Rectifiers 65-6 


Red lead 407. 432 
Reduced mass 8 
Reduction potentials 165-78 
and methods of extracting elements 
184 

chromium group 71" 
copper group 820 
examples of use of diagrams 
Am 175-76 
C\ 2 176 
Cu 174 
Fe 172-73 
H.O, 174-75 
lj 177 
Mn 177 

Group 13 368-69 
Group 14 413 


Grouj. ’5 490 
lanthanides 681 
manganese group 737 
table of values 167 
vanadium group 706 
zinc group 842 
Reformer (steam) 242 
Refractory 381 

Rhenium, see Manganese group 
Rhizobium 474, 491.732 
Rhodium, see Cobalt group 
Rhombic sulphur 542 
Rochow direct process (alkylchloro- 
silanes) 447 
Rubidium, see Group 1 
Rules for LCA0 97-8 
Russcll-Saunders coupling 943—46 
Rusting of iron 762 
Ruthenium, see Iron group 
Rutherford 10, 918 
Ruthcrfordium, see Actinides 
Rutile 48-9, 684, 689 
Rydberg constant 8 

Salt cake method (HCI) 600 
Samarium, see Lanthanides 
* block 273-356 
orbitals 14, 18. 20 
Scandium group 679-83 
electronic structures 679 
carbides 682-83 
chemical properties 681-83 
complexes 683 

extraction, separation and uses 
679-80 
halides 682 
hydrides 682 

monazitc sand 679. 862-63. 883. 
887-88 

oxidation state 680 
oxides and hydroxides 681-82 
phvsical properties 681 
size 680-81 

standard reduction potentials 681 
Scheelc 315. 587 
Scheclnc 715 
Schottky defects 59-60 
Schrodinger wave equation 12-21 
angular part of 17-9 
conditions for acceptable soloTTon*'l3 
radial part of 15-7 
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Selection rules 951-52 
Selenium 
abundance 534 
allotropy and structures 543 
boiling point 545 
bond lengths and pn-dn bonding 
546-47 

covalent radius 545 
electronic structure 532 
electronegativity values 160. 545 
extraction and uses 539-40 
halides 572, 574-75 
hydrides 565, 568-69 
ionic radius 545 
ionization energy 149, 545 
melting point 545 
molecular structure 543 
oxides 553, 554 
oxoacids 564 
oxohalides 564-65 
photocopiers 539 
standard reduction potentials 546 
see also Group 16 
Semiconductors 
and transistors 63, 364 
band gaps in 64 

conductors, insulators and 13 1 -33 
extrinsic conduction 64 
germanium 63-5 
intrinsic conduction of 60-1,64 
ionic mechanism 60-1 
n-type 62 
p-type 63, 65 
silicon 63-5 
ultrapurc materials 65 
Semiconductor devices 
p-n junction 65-6 
integrated circuits 68 
photovoltaic cell 66 
rectifiers 65 
transistors 66-9, 364 
Separation of isotopes 920-22 
electromagnetic separation 921 
gas centrifuge 921-22 

gaseous diffusion 921 
thermal diffusion 921 
Sequence of atomic energy levels 24 
Shapes of cova»ont molecules 74—80 
112-18 

Shapes of atomic orbitals 13 
Shapes of d orbitals 201 


Shell structure of nucleus 906-07 
Sherardizing 762 
Shift convertor 242 
Sidgwick-Powell theory 74-5 
table of shapes 85 

Siemens electric arc furnace 758-59 
Siemens open hearth furnace 
Sigma bonds 87-9 
Silanes 451-5? 

alkylchloro-substituted 447-51 
Silica 49, 429-31 
gel 431 

Silicates 432-^6 

Bowen’s reaction series 432—33 
chain 437-39 
cyclic 436-37 
3-dimensional 443 
in technology 444-46 
orthosilicates 434-35 
pyrosilicates 435-36 
sheet 440 
soluble 433 
Silicon 

as semiconductor 63-5 
boiling point 411 
carbide 418 
covalent radius 411 
electronic structure 402 
electronegativity values 160. 411 
extraction and uses 404 
ferrosilicon 404 
halides 459 
hydrides 451-52 
ionization energy 411 
melting point 411 
occurrence and abundance 403 
organo derivatives 446- 47 
oxides 430-31 

reaction mechanisms 462-63 
reactivity 412-13 
silicates 432-46 
silicones 447-51 
ultrapure 65. 405 
see also Group 14 
Silicones 447-51 
Silver, see Copper group 
Size of atoms 14648 
Smaltite 783 
Smithsonite 836 

Soap 304, 315, 322 

Soda ash 322 
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S.ulamioC •»«'• 

,luminaic- v ' 

ar «:nU>cyanide 8I» 

,mlc W» 

bicarbonate 294, 295 
baking powder 294 
horohvdnde (tetrahydndoborate) 
297,384-85 

carbonate 279 

manufacture and uses of 315-22 

chlorate 618 

chloride 31-2. 47-8, 61 
complexes 305-08 
compounds with carbon 303 

cyanide 453 
dithiomte 559 
electronic structure 275 
extraction 277-78 
flame colouration 2. 286-87 
hydrogen carbonate 294. 295 
hydrogen sulphite (bisulphite) 552 
557. 556 

hydroxide 278-94 

manufacture and uses of 
315-22 

hypochlorite 615-16 
in liquid ammonia 302-03 
lodatc 590 
ion transport 309 
/lead alloy 279 
nitrate 295-96 
nitrite 296. MU 
mtroprusside 500 
oxides 290-93 


palmitute (soap) 
peroxide 279. 290-93 
peroxoborate 361-62. 379 
pump 309 

pyrophosphate 514-15 
stearate (soap) 294 
sulphate 279. 294-95, 316 
sulphide 293-94 
sulphite 532. 552, 558 
letrametaphosphate 517-18 
thiosulphate 552, 559, 561-62 
tnmetaphosphate 516-18 
tripolyphosphate 515-16 
tnthioearbonate 429 


ic<‘ also Group 1 
Solder 138.406 


Solubility in 

polar and non polar solvents 40 
liquid ammonia 302-03 
Solvay process (Na 2 C0 3 ) 323 
Solvent system of acids 265-66 
Sommerficld elliptical orbits 9-10 
5 orbital 14. 18, 20 
Spectra 938-71 
absorbance 951 

allowed and forbidden transitions 
951-52 

atomic (hydrogen) 5 
atomic absorption 287 
charge transfer 460, 702, 705. 707. 
719.724,738,750.766,767, 
771.773.822,833.840.844, 
845 

coupling 

spin-orbit 943-46 

of angular orbital momenta 940-42 
of spin angular momenta 942-43 
c/ 1 and d'* ions 954-58 
d 2 and d 8 ions 958 
d s ions 965 
d-d 662-63,938-71 
derivation of term symbols 
for closed subshell 948 
for d 2 configuration 948-50 
for p 2 configuration 943-46 
determination of ground state 946 
electronic arrangements of the 
elements 939 

energy levels in an atom 938-46 

emission 287 

/-/ 870, 88(1 

Group 1 286-87 

hole formulation 947 

Hund’s rule 21-5. 98-9, 939 

for determining ground state 946 
microstatcs 

calculation of possible number 950 
for p 2 configuration 940. 944 
for d 2 configuration 949 
of |Co(CI.)| J ~ 965 
of|Co(H ; 0).] ! * 964 
of|Mn(H ! 0)»|’*966 
of (Ni(H 2 G).| : * 960 
of |Ti(HjO)»l 3 * 207.954 
ofIV(H.O)„|’*959 
Qrgel combined energy diagrams 
d l and d* 957 
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Spectra 

Orgcl combined energy diagrams 
(coni.) 

d 1 and d n %1 
d’%7 


Pauli exclusion principle 21,939 
Racah parameters 227, 961-63 
selection rules 
Laportc 951-52 
spin 952 

splitting of electronic energy levels 
953-54 


Tanabc-Sugano diagrams 967-70 
Spcctrochemical series 208 
Spectroscopic states 940 
Spectroscopic term symbols 944-45 
Speed of reactions 40-2 
Spcisscs 783 

Sphaelcntc (zinc blende) 47. 836 
Spin-orbit coupling 943-46 
Spin selection rule 952 
Spin quantum number 10, 22 
Spontaneous Fission 914 
Square-planar complexes 217-19 
Stability of various oxidation states in 
</ block 656-57;674 
Standard electrode potentials 165-78 
Standard reduction potentials, table of 
167 


Slannane 453 

Steam reformer 242 

Slccl 1.14. .14(1. 404. 418. 464. 535-36. 

7 34. 735. 759-60. 782 
cutting 715 

Hadficld 735 


phase diagram 760 
stainless 698. 802 


basic oxygen process 759 
Bessemer-1 homas furnace 757 - 
Kaldo and LD processes 759 
puddling 757 

Siemens electric arc furnace 75 ,s 
Siemens open hearth furnace 75 
Stellite 783 


Stereoisomerism 234 
Stereoregular polymers 604 
Stihinc 481 

Strontium, see Group 2 
Structures 


based on close packing 3 <>- 9 . 4 ^ 


of covalent compounds 72-1 17 
of ionic solids 47-9, 51-2 
of layer compounds 49-51 
of metals 36-9, 125-26 
Suboxidcs 547-48 

Subsidiary quantum number 13-5 22 
Sulphamic acid 554 
Sulphide ores 537 
Sulphur 
abundance 534 

allotropy and structures 542-43 
boiling point 545 

bond lengths and pji—djt bondine 
546-47 

compounds of sulphur and nitrocen 
576-77 6 

Contact process (for S0 2 ) 552 553 
698.803 

covalent radius 545 
dioxide 88, 551-52 
acid rain 245, 538-39 
detection and analysis 551-52 
non-aqueous solvent 552 
electronic structure 532 
clectronegati\ ity values 160, 545 
extraction and uses 536-39 
Frasch process 536 
halides 572-75 
hexafluoride 86-7. 587 
hydride 536-37. 565-66.568-69 
•omc radius 545 
ionization energv 149. 545 
melting point 545 
molecular structure 541^43 
oxoacids 556-63 
oxohahdes564-65 
polysulphides 570-72 
ilandard reduction potentials 546 
trioxide 89. 114-15.553-54 
uses 532 

see also Group 16 
Sulphuric acid 532. 55} tcox, 
Sulphurous acid senes 556, 558-59 
* ulphuryl compounds 565 
Superconductors I4(M4 
I---3 structures 142-43 

allo\s |4| ^7 ^27 

Bednorz and Muller |4| 
helium 638 

possible future uses 143-44 
present uses of I4| 


v. 
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w arm I 4 *” 44, 863 

^p^hcvyclcmen.s 

M(l.vcs8W 

nomenclature 898-99 

, u "ro«ides 105-07. 291-93 
L*rphosph»<« 494 


Talc (soapstone) 441 
Tanabe-Sugano diagrams 967-70 
Tantalite 698 

Tantalum, see Vanadium group 
Technetium, see Manganese group 
Teflon 457 
Tellurium 
abundance 534 
allotropy and structures 543 
boiling point 545 
covalent radius 545 
electronic structure 532 
electronegativity values 160, 545 
extraction and uses 539—40 
halides 572, 574 
hydrides 565, 568-69 
ionic radius 545 
ionization energy 149, 545 
melting point 545 
oxides 552-53, 554 
oxoacids 564 

standard reduction potentials 546 
see also Group 16 

Tetrachloromethanc (carbon tetra¬ 
chloride) 33. 73. 457,771 
Tctraethvl lead 463 
Terbium, see Lanthanides 
Terylene 506 

Tetragonal distortion 214-16 
Tetrahedral complexes 219-22 
electronic arrangement 222 
factors favouring formation 221 
magnetic moments of 222 
splitting energy levels 220-21 
Tetrahedral holes 46-7 
Thallium, see Group 13 
Theories of bonding in covalent 
compounds 
MO theory 89-119 
Sidgwick-Powell theory 74-5 
^SEPR theory 74-80 
delocalized multicenlrc .7 bonds 
112-18 


Theories of bonding in metals 
free electron theory 128 
MO or band theory 128-31 
valence bond theory 128 
Thermal decomposition 179-80 
Thermite reaction 182 
Thermonuclear devices 247 
Thermodynamics of reduction processes 
183-87 

Thionic acid series 562-63 
Thionyl compounds 564 
Thompson, J.J. 6 
Thorite 883 

Thorium, see Actinides 
Three-centre bonds 116, 117.333,384, 
395-97.424,489,504,541, 

606 

Thulium, see Lanthanides 
Tin 

boiling point 411 

bronze 406 

cassiterite 405 

complexes 460 

covalent radius 411 

electronic structure 402 

electronegativity values 160, 411 

extraction and uses 405-06 

gun metal 406 

halides 460-61 

hydride 451 

ionization energy 411 

melting point 411 

organo compounds 463 

oxides 405,432 

plate 406 

reactivity 412-13 

solder 138, 406 

standard reduction potentials 413 
occurrence and abundance 403 
organotin compounds 406 
oxides 43-2 
see abo Group 14 
Titanium group 684-96 
( + 111) compounds 692-95 
(+ |V) compounds 689-92 
cyclopentadicnyl compounds 695-96 
electronic structures 684 
extraction and uses 685-87 
1MI process Ti 686 
Kroll process 686 
van Arkcl dc Boer process 686-87 
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Titanium (coni.) 
ilmenite 684. 689 
nitrogen fixation 491-93.6% 
occurrence and abundance 684 
organometallic compounds 694-95 
oxidation slates 687 
oxides 

dioxide 48-9. 536. 684.689-90 
mixed oxides 690-91 
peroxides 691 
perovskite 691.749 
phosphate 512 
physical properties 685 
polythene 694-65 
rcactivity/passivc behaviour 688 
rutile 48-9, 684. 689 
size 687-88 

spectra and colour [TifHjOlJ 1 * 207. 
954 

standard reduction potentials 6H8 
stereoregular polymers 694 
superconducting alloys 687 
tetrahalides 691-92 
Zieglcr-Natta catalvst 556, 694-95 
TNT 506 

Tonnages of heavy chemicals produced 
316, Appendix K. Appendix L 
Trans isomers 197-98, 234-35 
Transistors 66-8. 364 
Transition elements, see d block 
Transition series 24 
Tridymite 430 
Tri-iodine ion 628 
Triple bonds 35-6 
Trisilylamine 456 
Tritium 245-48. 279 
Triethyl phosphate 496, 512. 521 
Tntollyl phosphate 496, 521 
Tungsten 
bronzes 731-32 
carbide 417. 715 
tungstates 713. 728-31 
see also Chromium group 
Turnbull's blue 766 
Turquoise 817 

Ultramarines 443-44 
Ultrnpure materials 64, 405 
United atom method 118-19 
Urammte 891 
Uranium, see Actinides 


uranvt nitrate 894 
Urea 423-24. 494. 554 
Usanovich theory of acids 267 

Valence bond theory 80-9 
applied to complexes 202. 203-04 
applied to metals 128 
extent of d orbital participation 85-7 
hybridization 81-6 
sigma and pi bonds 87-9 
some examples 
BcFj 83-4 
BF, 82-4 
CH 4 81 
HF 80 
HjO 80 
NH, 81 
PCI, 85-6 
SF* 86 

table of shapes and number of orbitals 
85 

Vanadates 709-10 
Vanadinitc 697 
Vanadium group 697-712 
abundance, extraction and uses 
697-98 

addition to steel 698 
electronic structure 697 
carbides 417. 698. 700-01 
carbonyls 711 
carnotite 697 

cluster compounds 697, 705-07 
colour 700 
columbite 698 
complexes 708-09 
cyclopentadienyl compounds 711 
ferrovanadium 697 
general properties 699-700 
halides 701-06 
hydrides 701 

low oxidation states 710-11 
M-M bonds 703, 705-07 
nitrides 700-01 

nonstoichiometnc compounds 706. 
708-09 

organometallic compounds 7f l 
oxidation states 699 
oxides 707-OQ 
pentoxide catalyst 697, 698 
phvsical properties 699 
pvrochlonte 698 



reactivity 699 

standard reduction potentials 706 
size 699 

spectra V w (d‘) 704-05 
of [V(HjO ) 4 ] >4 959 
superconducting alloy 698 
tantalile 698 
vanadates 709-10 
vanadinite 697 
vanadyl compounds 708 
van Arkel de Boer process 686-87 
van der Waals forces 39,50,51 56 124 
250 

van der Waals radii 637 
Variable vakney 164-65 
in the d block 654-56 
Vaska’s compound 788-89 
Vertical relationships in the periodic 
table 189-90 
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VSEPR theory 74-80 
effect of lone pairs 75—6 
effect of electronegativity 76 
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CIFj 78-9 
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Water 566-69 
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Lcclanchl cell 838 

mercury cathode cell (NaOH) 319-21 
mercury (+1) compounds 846-47 
nicad batteries 838 
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!~702 1 ! THE COVAL ENT BO ND 



participate in bonding. The effects of bonding and antibonding ols orbitals 
cancel but stabilization occurs from the filling of the n2p orbitals, an 
hence a bond is formed and B 2 exists. 


C 2 molecule 

A carbon atom has 2 + 4 electrons. A C : molecule would contain a total ol 
12 electrons, and these would be arranged in MOs: 
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Gallium is apparently divalent in a few compounds 
However, Ga is not really divalent, as the structure of Gn ** Ga Cl 
shown to be Ga^GaClJ” which contains Ga(I) and Ga(IU) has 


i 









/« 
• % 


(b) 

Figure 12.1 (a) B 12 
icosahedron, (b) Structure of 
a-rhombohedral boron. 


MELTING POINTS, BOILING POINTS AND STRUCTURE 

The melting points of the Group 13 elements do not show a 
as did the metals of Groups 1 and 2. The Group 13 values af re ^ ular tr end 
comparable because B and Ga have unusual crystal structures Str * ct ty 

Boron has an unusual crystal structure which results in the m • 
being very high. There are at least four different allotropic fo* tln8poini 

has insufficient electrons to fill th~ -*- ■* nns * k'"' - 

The variety and complexity of the 
ways in which boron attempts to 
this problem by metallic bonding, 
make this impossible for boron. All four allotropic forms Cner?y 
hedral units with boron atoms at all 12 corners. (Note that an jcosahftt** 
is a regular shape with 12 corners and 20 faces.) In these units twclv^R 
atoms form a regular shape, and each B atom is bonded to five equivafe 
neighbours (at a distance of 1.77 A). The difference between theaikxro^ 
forms arises in the way the icosahedra are bonded together. The sunDta 
form is a-rhombohedral boron. In this, half the atoms are bonded to one 
atom in another icosahedron (at a distance of 1.71 A), and half the atoms 
are bonded to atoms in two different icosahedra (at a distance of 2.03 A) 
Plainly this is neither a regular structure nor a metallic structure. Only 37% 
of space is occupied by the atoms, compared with 74% for a close-packed 
arrangement. This shows that icosahedra fill up space ineffectively. The 
other allotropes have even more complicated structures. 

The elements Al, In and T1 all have close-packed metal structures. 
Gallium has an unusual structure. Each metal atom has one close neigh¬ 
bour at a distance of 2.43 A, and six more distant neighbours at distances 
between 2.70 A and 2.79 A. This remarkable structure tends towards 
discrete diatomic molecules rather than a metallic structure. This accounts 
for the incredibly low melting point of gallium of 30°C. Ga is also un¬ 
usual because the liquid expands when it forms the solid, i.e. the solid is 


ioive inis prooiem. Other element 
but small size and hioh 


Table 12.3 Melting and boiling points 



Melting point 
(°C) 

Boiling point 
(°C) 

B 

2180 

3650 

Al 

660 

2467 

Ga 

30 

2403 

In 

157 

2080 

T1 

303 

1457 
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SIZE OF ATOMS AND IONS 
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less dense than the liquid. This property is unique to Ga, Ge and Bi. 

Though the melting points decrease from Al to In as expected on 
descending a group it increases again for Tl. The boiling point of B is 
unusually high, but the values for Ga, In and Tl decrease on descending the 
group as expected. Note that the boiling point for Ga is in line with the 
others, whereas its melting point is not. The very low melting point is due 
,o the unusual crystal structure, but the structure no longer exists in the 


SIZE OF ATOMS AND IONS 


The metallic radii of the atoms do not increase regularly on descending 
the group (Table 12.4). However, the values are not strictly comparable 
Boron is not a metal, and the radius given is half the closest approach in the 
structure. Ga has an unusual structure, and the value given is half the 
closest approach. The others have close-packed metal structures. 

The ionic radii for M + increase down the group, though not in the 
regular way observed in Groups 1 and 2. There are two reasons for this: 


1. There is no evidence for the existence of B J+ under normal conditions, 
and the value is an estimate. 

2. The electronic structures of the elements are different. Ga, In and Tl 
follow immediately after a row of ten transition elements. They there¬ 
fore have ten d electrons, which are less efficient at shielding the 
nuclear charge than the s and p electrons. (Shielding is in the order s > 
p > d > f.) Poor shielding of the nuclear charge results in the outer 
electrons being more firmly held by the nucleus. Thus atoms with a d‘° 
inner shell are smaller and so have higher ionization energies than 
would otherwise be expected. This contraction in size is sometimes 
called the d -block contraction. In a similar way Tl follows immediately 
after 14 /-block elements. The size and ionization energy of Tl are 
affected even more by the presence of 14 / electrons, which shield the 
nuclear charge even less effectively. The contraction in size from these 
/-block elements is called the lanthanide contraction. 


Table 12.4 Ionic and covalent radii and electronegativity values 



Metallic 

radius 

(A) 

Ionic radius 

Pauling's 

electronegativity 

M 3 * 

(A) 

M* 

(A) 

B 

(0.885) 

(0.27) 


2.0 

A! 

1.43 

0.535 

— 

1.5 

Ga 

(1.225) 



1.6 

In 

1.67 



1.7 

Tl 

1.70 

0.885 


1.8 


For values in brackets see text. 
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Figure 16.11 Structure of 
I2CV 



Figure 16.10 Possible structures for chlorine trifluoride C1F V 


bond angle of 87°0' and bond lengths 1.716 A and 1.621 A. The str 
of BrF, (by microwave) is also T-shaped, with a bond angle of 86°n” Ure 
bond lengths of 1.810 A and 1.721 A. ,an d 

ICU does not exist, but the dimer I 2 Cl ft is a bright yellow solid 
structure (Figure 16.11) is planar. The terminal I—Cl bonds are nor 1 
single bonds of length 2.38 A and 2.39 A. The bridging 1—Cl bonds™ 2 
appreciably longer (2.68 A and 2.72 A), suggesting delocalized bondiT 
rather than simple halogen bridges formed by coordinate bonds from Q\ 
to I. The liquid has an appreciable electrical conductivity, due to self- 
ionization: 

I 2 CI, ^ [ICI 2 ] + + [ici 4 ]- 

It has been less studied as an ionizing solvent than the others because the 
gas decomposes into 1CI and Cl 2 . 


AX$ compounds 

Three compounds are known: CIF<, BrFs and IF<. ClFs and BrFs react 
extremely vigorously, but they are exceeded in violence by CIF,. (Seethe 
order of reactivity given earlier.) IF< is a little less reactive, and unlike the 
others it can be used in glass apparatus. Production is several hundred 
tonnes per year. They lluorinate many compounds, react explosively with 
water, attack silicates, and form polyhalides. 


CIF S + 2H 2 0 - FCIO : + 4HF 
BrFs + 3H 2 0 -4 HBrO, + 5HF 
2BrFs + Si0 2 — SiF 4 + 2BrF, + 0 2 
BrFs + CsF —» Cs + [BrF h ]- 
IF S + KI-+ K + [IF (1 |- 

Liquid IPs self-ionizes, and therefore conducts electricity. 


2iFs ^ if; + IF," 

The AXs compounds all have structures based on a square based py fan ^‘ 
that is octahedral with one position unoccupied. The central atom > s 
placed slightly below the plane. The structure may be understood 
considering IF S . I is the central atom in the molecule (Figure I6.I-) 
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gad*#* sttuclure^ 

l^ alom -excited 
si at® 


full 

inner 

shell 


» P M 

EBD EFrrri 



!*• r P “ f#d el#c,ron * '<*"> bond, with /\ I ^7 

five (luofin* atoms, plus one Ions pair / / 

9|v.ng a total ot six elactron pairs / / \ / 

structure is octahedral with one position _ \Jtr 

occupied by a lone pair (alternatively F I 

escribed as square based pyramid) 

R 8 F er 2 IFj^ r nd n XeF 4 ^ , IF 5 reaC * S W ' tH ‘ he Xen °" halides ’ formin g «Mucts n*ure U.12 Stnicnire of IF,. 

f 

AX 7 compounds 

IF 7 is formed by direct combination of the elements at 250-300°C, by 
heating IF 5 with F 2 , or by treating iodides with F 2 . 

KI + 4F 2 - IF 7 + KF F 

Pdl 2 4- 8 F 2 - 2IF 7 + PdF 2 F—J —yF 

IF 7 is a violent fluorinating agent, and reacts with most elements. It also / \ / \ 

reacts with water, Si0 2 and CsF. / \ 

IF 7 + H 2 0 - IOF, + 2HF F 

2IF 7 + Si0 2 — 2IOFs + SiF 4 

IF 7 + CsF — Cs + [IF„]- F 

The structure of IF 7 is unusual - a pentagonal bipyramid (Figure 16.13). F 

It is probably the only known example of a non-transition element using Rgure 16.13 Structure of IF 7 

three d orbitals for bonding. 


Electronic structure of full 

iodine atom - excited inner 

state shell 


□ 


t T T 


t T T 


seven unpaired electrons form bonds with 
seven fluorine atoms 

seven pairs of electrons form a pentagonal 
bipyramid 


POLYHALIDES 

Halide ions often react with molecules of halogens or interhalogens and 
form polyhalide ions. Iodine is only slightly soluble in water (0.34 g I ). 
Its solubility is greatly increased if some iodide ions are present in the 
solution. The increase in solubility is due to the formation of a polyhalide 
■on. in this case the triiodide ion I,'. This is stable both in aqueous solution 

ar| d in ionic crystals. 
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where S is teetotal s P^^*^^ n "^moment S in'^Bohr magne^on s ” , s °”’ e, 'i 
by S /(4S(S°+ 1))- Th« eq^' ion is re,a,ed '° ' he numbe ' of <*np®> 

_*_«<• m hv fhe eauation: 


UY J " 

electrons n by the equation:_ 

(lv = /n(n + 2). Hr 

j* nhi( . c , of the experiment is to determine the volume susceptibi| jty * 
^ we,gh.ng a sample in and out of a magnet.c field, and calculate i„ 

the moiar susceptibility Xm- the magnet.c momen p the total Spi 
quanHim number 5 and eventually " the number of electrons respo„ sj P b|e 

t a. m Off . 


Measurement of magnetic moments 

Let us examine how p is obtained. First X m can be determined expert- 
mentally. A sample tube which has a narrow d.ameter and a flat bottom , s 
filled with sample up to the calibration mark. The sample may be a finely 
divided solid, or a solution. The cross-sectional area of the tube is a. Th e 
sample and tube are weighed in the usual way. Then the apparent mass is 
measured again by weighing in the presence of a strong magnetic field 0 ( 
force H A difference in weight occurs. If g is the acceleration due to 
gravity then the force Fading on the sample is given by: 

F=Am.g (18.2) 

If X| is the volume susceptibility of the sample and x : the volume 
susceptibility of air, then 

F = 2 (x | - x 2 ) .a. \i it . H 2 (18.3) 

Combining equations (18.2) and (18.3) 

Am . g = l(x, - x 2 ) .a. \i 0 . H 2 

hence 

2 A m . g 


We wish to calculate the volume susceptibility of the sample X|. The 
volume susceptibility of air x 2 is known (0.364 x 10~ 12 ). but the field 
strength H and cross-sectional area a are not known. Thus we carry out the 
experiment using a standard whose magnetic susceptibility is known 
accurately. This allows us to calibrate the apparatus, and thus deduce the 
value of the constant a. H 2 . The complex mercurv(II) tetrathiocyanato- 
cobalt(II) Hg[Co(NCS) 4 j is often used as a solid standard (xm = 206.6 * 
10 m 1 mol 1 at 2M3K). Now that the apparatus has been calibrated, we 
use the same sample tube filled up to the same mark, and the same 
magnetic field, and measure the weight loss for an unknown compound 
The volume susceptibility x, of the unknown compound can thus he 



MAGNETIC PROPERTIES 


.a This is readily converted into the molar 

° bta,n ,nd ym as follows: 

^pound Xm 

x,. M M 


Xm - 


D 


D 


2A m.g 


susceptibility of the 


here M is the m0,ar mass of the com pound, and D is its density 
Diamagnetic materials have no unpaired electrons, and have a magnetic 

moment p = °* The external magnetic field induces a small magnetic 
moment which is in opposition to the external field. Thus diamagnetic 
materials repel lines of force, and show a slight decrease in weight. In 
contrast paramagnetism arises where there is one or more unpaired 
electron in a compound. Paramagnetic materials attract lines of force and 
increase in weight, because the sample is pulled down into the gap between 
the pole-pieces of the magnetic balance (see Figure 18.1). For a transition 
metal complex the weight change measured with the Gouy balance is the 
sum of the effects from the paramagnetic metal ion and the diamagnetic 
ligands and ions present. Thus the value of X m derived from this weight 
change is the net magnetism, which is the sum of Xparjm . lgnc , lc + Xu^ncc- 
Since we wish to measure the paramagnetism of the metal ion, we must 
make a diamagnetic correction. The easiest way to make the correction for 
Xduimapncnc is t0 add up the diamagnetic corrections (sometimes called 
Pascal s constants) for the atoms and ions in the molecule and contribu¬ 
tions from multiple bonds. These data are known (Table 18.7). 


Xdiamagnclic ^X(atom 


corrections) 


^X(multiplc 


fronds) 


Thus Xparamagnctic can be obtained. 


Xp.iram.ignctic Xmeasurcd Xdiamjgnclic 

Finally Xpnramagncnc is converted into magnetic moment of the metal ion in 
Bohr magnetons using equation 18.1: 


— = 797.5 • 

Pb 

The unpaired electron gives rise to a magnetic field because of its spin, 
and also because of the orbital angular momentum. The general equation 
for the magnetic moments of the first row of transition metal ions is: 

p(S + L) = /4S(5 + 1) + L(L + 1). p B 

^here 5 is the total of the spin quantum numbers, and L is the resultant of 
the orbital angular momentum quantum numbers of all the electrons in the 
molecule. (See coupling of orbital angular momenta and coupling of spins 
* n Chapter 32.) For an electron the spin quantum number has a value of 
hence S ~ m s • n where n is the number of unpaired electrons. 

In many compounds of the first row transition elements, the orbital 
contribution is quenched by the electric fields ot the surrounding atoms. As 
a toght approximation the orbital contributions can be ignored and the 
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AN 


rMTPnnuen ON TO thet rans^njlements 


Table 18.11 Abundance 
weight 


of the transition elements in the earth s crust, in PP m by 



Hf 

2.8 


Nb 

20 

Ta 

1.7 


Cr 

122 

Mn 

1060 

Fc 

60 0(H) 

Co 

29 

Ni 

99 

Cu 

68 

Zn 

76 

Mo 

1.2 

Tc 

Ru 

0.0001 

Rh 

0.0001 

Pd 

0.015 

Ag . 
0.08 

Cd 

0.16 

W 

1.2 

Re 

0.0007 

Os 

0.005 

Ir 

0.001 

Pt 

0.01 

Au 

0.004 

Hg 

0.08 


differences between the first row and the other 

TWO ROWS 


Metal-metal bonding and cluster compounds 

Metal-metal (M-M) bonding occurs not only in the metals themselves, 
but also in some compounds. M-M bonding is qu.te rare in the first row 
transition elements. It occurs only in a few carbonyl compounds such as 
Mn,fCO)„, Fe,(CO)«. Co 2 (CO) H . Fe,(CO) l2 and Co 4 (CO) 12 . and in car- 
boxylate complexes such as chromium(ll) acetate Cr 2 (CH,C00) 4 (H 2 0) 2 . 

and in solid nickel dimethylglyoxime. 

In the second and third row elements M-M bonds are much more 


common: 

1 They form carbonyls with M-M bonds similar to those from the first 
row such as Ru,(CO) 12 . Os 3 (CO) 12 , Rh 4 (CO) I2 and Ir 4 (CO) 12 , and a 
type not formed by the first row' Rh 6 (CO)i*. 

2. The metals Mo, Ru and Rh form binuclear carboxylate complexes such 
as Mo 7 (CH 4 COO) 4 (H 2 0 ) 2 which arc similar to chromium(II) acetate. 

3. The halide ions [Re 2 CI K | 2 ' and [Mo 2 Cl g p~ also have M-M bonds. 

4. The lower halides of several elements have a group of three or six metal 
atoms bonded together and are called cluster compounds. The elements 

are: 

Nb Mo 


Ta W Re 

[Nb 6 CI| 2 p* and [Ta^CI i 2 J‘ ^ have unusual structures. Both contain six 
metal atoms arranged in a cluster at the corners of an octahedron, with 
12 bridging halogen atoms across the corners. There is extensive M-M 
bonding within the octahedron. The so-called dihalides’ of Mo and W 
are really Mo 6 Cl, 2 and W*Br l2 , and these contain the [M^hP* > on - 
This too has a remarkable structure. Six metal atoms are arranged in a 
cluster at the corners of an octahedron, with eight halogen atoms 
located above each of the eight faces of the octahedron and ‘bonded to 
three metal atoms. ReCI, is really trimeric Re 3 Ch,, and comprises a 
triangle of three Re atoms with three bridging halogen atoms across the 
three corners, and six halogen atoms that bridge to other Rc 3 Clg units. 
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THE FIRS T ROW AMh-nir----- 

----HjgOTHER TWO Rnwc 


Stability of oxidation states 

The ( + >1) anJ ( + stat es are important fr.r n • 

^ m enis. Simple ions M 2+ and are common firs ‘ row ,rans '«'on 
less important for second and third row c | em . . W “ h lhe firsl row bu * are 
comp° un ^ s - Similarly the first row form a lan>*» Cn S * w ^ cJl ^ ave few ionic 

£*» »*> » ICr'"CU]- Z 

complexes of Mo or W, or Rh or Ir, are known"' * ' N ° et l uivalen ' 

The higher oxidation states of the second anH ,h -t 

more important and much more stable than those ofIt! « W eleroents are 
Thus the chromate ion |Cr0 4 | 2 ' i s a slmno . . . e of ,he firs * row elements. 

|Mo 0 4 | : ' and tungstate |W0 4 ] 2 - are stable ^im i' 8 b “' molvbda,e 

on (Mn0 4 |- is a strong oxidizing agmb* X** *2™?™ 
perrhena.e |Re0 4 |" ions arc stable P^cchna.e |Tc0 4 |- and 

Some compounds exist in high oxidatirm oat • • . . 
parts in the firs, row. for example WCI, ReF 7 Sti. an 
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Complexes 

The coordination number 6 is widespread in the transition elements giving 
an octahedral structure. The coordination number 4 is much less common 
gtvting tetrahedral and square planar complexes. Coordination numbers of 
7 and 8 arc uncommon for the first row but are much more common in the 
early fnembers of the second and third rows. Thus in Na»|ZrF 7 | the 
|ZrF 7 |' is a pentagonal bipvramid. and in (NH 4 ),|ZrF 7 | it is a capped 
trigonal prism. In Cui[ZrF,<| the Zr is at the centre of a square antiprism. 


Size 

The second row elements are all larger than the first row elements. 
Because of the lanthanide contraction the radii of the third row arc almost 
the same as those for the second row. 


Magnetism 

When transition elements form octahedral complexes, the d levels arc split 
into i 2y , and c^, sub-levels. Consider a first row clement. If the ligands 
possess a strong field they cause a large difference in energy between these 
two sub-levels. Thus the electrons occupying the d level fill the lower t 2p 
level even if this means they must be paired. If pairing of electrons occurs, 
the complex is called low spin or spin paired. Alternatively if the ligands 
have only a weak field the splitting is small, and only when each of the ! 2k 
and levels contains one electron does pairing of spins occur. Such 
complexes are called high spin or spin free. Thus with a first row element 
*hc strength of the ligand field determines whether a low-spin or a high- 
s P ln complex is formed. 

T he second and third row transition elements tend to give low-spin 
complexes, that is it is more favourable in terms of energy to pair electrons 
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SPECTRA 


Table 32.8 Transforming spectroscopic terms into Mulliken symbols 
Spectroscopic term Mulliken symbols 


S 

P 

D 

F 

C 


Octahedral field 


J* 

: i 


E m + T 2i 


+ T, 


Tetrahedral field 

A| 

7*. 

£ + 7* 2 

a 2 + r, + r 2 

Aj + E + T, + 


-J 


SPECTRA OF d l AND </ 9 IONS 

In a free gaseous metal ion the d orbitals are degenerate, and hence there 
will be no spectra from d-d transitions. When a complex is formed the 
electrostatic field from the ligands splits the d orbitals into two groups t 
and e g . (This crystal field splitting is described in Chapter 7.) The simplest 
example of a d 1 complex is Ti(III) in octahedral complexes such as 
[TiCI 6 ] 3 , or [Ti(H 2 0) 6 ] 3 +. The splitting of the d orbitals is shown in 
Figure 32.12a. In the ground state the single electron occupies the lower/ 
level, and only one transition is possible to the e g level. Consequently the 



(a) 


Wavelength (A) 



i 
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Figure 32.13 Splitting of energy levels for d ] configuration in octahedral field. 


absorption spectrum of [Ti(H 2 0) 6 ] 3+ which is shown in Figure 32.12b, 
shows only one band with a peak at 20300cm" 1 . The magnitude of the 
splitting Ao depends on the nature of the ligands, and affects the energy of 
the transition, and hence the frequency of maximum absorption in the 
spectrum. Thus the peak occurs at 13000cm 1 in [TiCl*] 3 ,18900cm 1 in 
[TiF 6 ] 3 ", 20300cm" 1 in [Ti(H 2 0) 6 ) 3+ and 22300cm" 1 in [Ti(CN) 6 ] 3 ". The 
amount of splitting caused by various ligands is related to their position in 
the spectrochemical series (see Chapter 7). The effect of an octahedral 
ligand field on a d l ion is shown in Figure 32.13. The symbol 2 D at the left 
is the ground state term for a free ion with a d 1 configuration (see Table 
32.3). Under the influence of a ligand field this splits into two states which 
are described by the Mulliken symbols 2 E g and T 2g . (These symbols 
originate in group theory, and are used here without attempting to derive 
them. Useful references are given at the end of the chapter.) The lower T 2g 
state corresponds to the single d electron occupying one of the f 2g orbitals, 
and the 2 E , state corresponds to the electron occupying one of the e g 
orbitals. The two states are separated more widely as the strength of the 


ligand field increases. 

Octahedral complexes ot ions with a d configuration such » 
ICutH 0)„l 2 * can be described in a similar way to the Ti octahedral 
complexes with a d' arrangement. In the d' case there is a single electron 
nThe owerX level whilst in the rf* case there is a single hole in the upper 
e level Thus the transition in the d' case is promoting an electron from 
the r-, level to the e. level, whilst in the d' 1 case it is simpler to consider the 
promotion of an electron as the transfer of a ‘hole from e, to t 2y The 
energy diagram for d * is therefore the other way round, that is the inverse 

of that for a configuration (Figure 31.14). , . . 

If the effect of a tetrahedral ligand field is now considered, the degen- 
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j^d-l = CI-j 2 + HCo(CO) 4 —+ RCH 2 CH 2 Co(CO) 4 
RCH 2 CH 2 Co(CO) 4 + CO -*■ RCH 2 CH 2 CO • Co(CO) 4 
RCH 2 CH 2 CO • Co(CO) 4 + H 2 —► RCH 2 CH 2 CHO + HCo(CO) 4 

Acetic acid is also produced synthetically from methyl alcohol, and this 
reaction is catalysed by complexes such as (Rh(CI)(CO)(PPh,) 2 ) 0r 
[Rh(CI)(CO) 2 ]2 in the P resence of CHjI ' 2 or H as ac,,va,or - 
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(+11) STATE 

The (+ 11 ) state is the most important for simple compounds of Co (though 
the (+III) state is the most important in complexes). Rh( + II) and Ir(+||) 
are only of minor importance. 

A wide range of simple Co( + II) compounds are known including CoO, 
Co(OH) 2 . CoS, and salts of the common acids such as CoCI 2 , CoBr 2 , 
CoS0 4 , Co(NO,) 2 , and C 0 CO 3 . The hydrated salts are all pink or red and 
contain the hexahydrate ion [Co(H 2 0) 6 ] 2+ . Most Co(+41) compounds 
except the carbonate are soluble in water. ^ 

If NaOH is added to a solution containing Co 2 * then Co(OH ) 2 is first 
obtained as a blue precipitate which turns pale pink on standing. This is 
mainly basic, but it is weakly amphoteric as it dissolves in very strong 
NaOH, giving a blue coloured solution which contains [Co(OH) 4 ] 2 ' 
Co(OH ) 2 slowly, oxidizes in air to brown Co ni O • OH, 

CoO is olive green and is formed by heating Co(OH ) 2 or by heating 
many Co(+ll) salts such as CoCO* in the absence of air. If CoO is melted 
with Si0 2 and K 2 CO, a deep blue glass potassium cobalt(II) silicat? is 
formed. Commercially this blue glass is ground up and the powder, which 
is called smalt, is used as a pigment to give a blue colour to glass, enamels 
and glazes. Smalt was known to the ancient Egyptians and the Romans. In 
the laboratory ‘cobalt glass’ is used to observe the flame test for potassium 
in the presence of sodium. The blue glass absorbs the intense yellow 
coloration from sodium, thus allowing the colour from potassium to be 
seen. 

CoCl 2 is used as a test for water, both as ‘cobalt chloride paper’ and as an 
indicator added to the drying agent ‘silica gel’. Hydrated CoCl 2 *6H 2 0 is 
pink coloured and contains octahedral [Co(H 2 0)f,] 2+ ions. If this is 
partially dehydrated by heating, then blue coloured tetrahedral ions 
[Co(H 2 0) 4 ) 2+ are formed. Addition of water produces the reverse change 
Thus when the indicator in silica gel is blue the drying agent is effective, 
but when it is pink the drying agent needs changing. 

|Co(H 2 0) 6 ) 2 * ^ ]Co(H 2 0) 4 | 2 * + 2H 2 0 

pink blue 

In a similar way the octahedral aqua ion reacts with excess Cl" to gt vc 
blue coloured tetrahedral ion |CoCl 4 ] 2- 
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[Co(H 2 0)(s] 2 * + 4CI' -» [Co(Cll l J - . 

pink l + 6HjO 



ro(+ II) has a d 1 configuration. [Co(H,OU i * 
olexes are low-spin octahedral. Tetrahedral complex^! C ? (+U) COn " 
and have more intense colours than octahedral complexes Thk° T® mon 
tetrahedron lacks a centre of symmetry and thufeasilv 
Laporte selection rule (that A/ = 1), whereas , he . y ov ' rcom « tb * 
have to rely on asymmetric vibrations of ligands to desitj 
of symmetry, magnetic moments of both octahedral 2 teUaS 
flexes are h.gherthan predicted using the spin only formulawtct 
would give p 3.87 BM. In the octahedral case this is because there is an 
orbital contribution since with a (r 2g ) 5 ( <g )’ arrangement it is possibk to 
transform, one r 2g orbital into another. In tetrahedral complexes the 
electronic arrangement is (e ) (r 2g ) so transformation of the i u orbitals is 
not possible and the orbital contribution is zero. However, in this case 
spin orbit coupling occurs. This accounts for the higher than expected 
value of p (see Measurement of magnetic moments’. Chapter 18) 
Cobalt(II) acetate Co(CH3COO)2 • 4 H 2 O is formed by dissolving C 0 CO 3 
in acetic acid. It forms red crystals which are very soluble, and is used as a 
drying agent for varnish and lacquers. 

Anhydrous Co salts cannot be made by heating the hydrated salts, 
because they decompose to the oxide. Thus dry preparative methods are 
used. Anhydrous CoF 2 is pink and is obtained from the reaction of HF with 
CoCI 2 . Anhydrous CoCI 2 (blue) and CoBr 2 (green) are made by heating 
the elements. Anhydrous CoI 2 is blue-black and is made by heating the 
metal with HI. They all have solid structures in which Co 2 * is octahedrally 
coordinated. 

Co(+II) forms a number of complexes, but these are less stable than 
those of Co( + III). Co(-FII) complexes may be tetrahedral or octahedral. 
Since there is only a small difference in stability between them the two 
forms sometimes exist in equilibrium. The lafrge monodentate ligands Cl - ,* 
Br - , I", OH - and SCN - commonly form tetrahedral complexes. Co( + II) 
forms more tetrahedral complexes than any other transition metal ion. 
This is associated with the fairly small loss of crystal field stabilization 
energy of 0.27A,, with a d 1 ion in a weak ligand field (see Table 7.15). 

The blue coloured complex HglCo(NCS) 4 j is unusual. The Co 2 * is tetra- 
hedrally coordinated by N atoms, and Hg 2+ is tetrahedrally coordinated 
ty S atoms, giving a polymeric solid. This compound is often used to 
calibrate a magnetic balance when measuring magnetic moments. 

Most Co( + II) complexes are high spin, but the CN - ligand produces 
low -spin complexes. If a solution of a Co 2 * salt is treated with excess CN 
** §reen coloured complex [Co(CN)«]' is formed. This can be isolated as 
lhe barium salt. It is a good catalyst for the hydrogenation of alkenes. The 
complex is paramagnetic with one impaired electron, and its shape is a 
^ u are pyramid. It mav dimerize to give purple (Co : (CN) H ,r * wh,ch IS 
^magnetic and has the structure (CN),Co-Co(CN), similar to the 
Carb °nyl Mn : (CO) ln . It is interesting that [Co"(CN)4 ’ is formed instead 
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